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FOREWORD

The files contained in this report are the compilation of all materials pertaining to the second
workshop on Accelerated Fuel Qualification (AFQ): AFQ Workshop Il. The overall goal of the
workshop was to discuss progress since the first workshop in May 2019 in developing the enabling
computational and experimental AFQ building blocks, as well as to agree on next steps in
advancing the AFQ methodology and its implementation.

1 BRIEF OVERVIEW

The second AFQ workshop, AFQ Workshop Il, was held on Thursday, January 16, 2020, in
Washington, DC, with 29 participants from industry (General Atomics, Framatome, Lightbridge,
TerraPower, Westinghouse), national labs (ANL, INL, LANL, ORNL), DOE-NE, NRC, as well as
two aerospace companies who are supporting NASA (Aerospace Corporation and Analytical
Mechanics Associates). The main goal of the workshop was to discuss progress since the
first workshop in May 2019 in developing the enabling computational and experimental
AFQ building blocks and agree on next steps. A draft of the AFQ Working Group Charter
was also reviewed and changes agreed to. There were 12 presentations given during the
workshop, which included overview presentations, information on status of AFQ building
computational and experimental building blocks, case studies, and a concluding presentation on
NRC perspectives.

2 WORKSHOP AGENDA

Morning Session:

Topic \ Presenter \ Start \ End \ Duration
Welcome and Workshop Introduction
. Ron Faibish 8:30 8:45 :
First AFQ Workshop Recap (General Atomics) am am 15 min
Roadmap to Accelerated Fuel Mark Adams 8:45 9:20 .
P . 35 min
Qualification (General Atomics) am am

Fundamental Computational, Experimental, and Theoretical Building Blocks

High energy heavy ion irradiation | Abdellatif Yacout 9:20 9:50 30 min
for accelerated testing (ANL) am am
Fission Accelerated Steady-state . .
Testing (FAST) in Nuclear Fuel | Matthew Kerr 9501 10220 54 in
(INL) am am
Development
BREAK (10:20 am - 10:45 am)
Integrating Building Blocks and Bridging Multi-Scale Phenomena

Overview of a process to develop | Pete Gaillard 10:45 11:15 :

. . 30 min
and identify regulatory (TerraPower) am am

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document
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Topic Presenter Start End Duration
requirements and design criteria
applicable to metallic fuel
Nuclear Fuel Applications and Case Studies
Fuel performance simulations of
swelling, fission gas release and David Andersson 11:15 11:45 30 min
creep in U3Si2 informed by (LANL) am am
atomistic simulations
TCR fuel design and development | Kurt Terrani 11:45 12:15 30 min
towards qualification (ORNL) am pm
LUNCH (12:15 pm - 1:15 pm)
Afternoon Session:
Topic \ Presenter \ Start \ End \ Duration
Nuclear Fuel Applications and Case Studies (Continued)
Using statistical uncertainty
analyses to determine the Madeline Feltus 115 | 1:45 .
importance of irradiation effects on (US DOE-NE) m m 30 min
TRISO fuel and materials P P
properties
Case study illustrating how
building blocks are applied and James Vollmer 1:45 2:15 30 min
the direction TerraPower is (TerraPower) pm pm
moving
— 5
Energy Multiplier Module (EM®) | ;1 gjin 2115 | 245 |
accelerated fuel qualification . 30 min
(General Atomics) pm pm
strategy
Lower Length Scale Modeling Kallie Metzger 2:45 2:55 .
. 10 min
Examples (Westinghouse) pm pm
BREAK (2:55 pm - 3:10 pm)
Regulatory Discussion
NRC input and terminology Christopher Van Wert 3:10 3:40 30 min
conversation (US NRC) pm pm
AFQ Technical Working Group Charter Discussion
Ron Faibish- ] .
Open Discussion Moderator 3';1'10 4';0 50 min
(General Atomics) P P
Future Actions
Ron Faibish - ] ]
Open Discussion Moderator 4:30 5:00 30 min
pm pm

(General Atomics)

ADJOURN (5:00 pm)

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document
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DISCUSSION AND KEY TAKEAWAYS

Participants of the AFQ Working Group (WG) agreed that the main premise of the AFQ
methodology remains that modeling and experiments should be simultaneously exploited
to reduce years of data that would otherwise be required for deployment of new nuclear
fuels.

Case studies were presented that further demonstrated modeling and experimental tools
development to advance and accelerated approach to fuel qualification by coupling the
two.

The WG agreed that fuel qualification needs to be carried out with a specific reactor design
and related safety case in mind.

The NRC is seeking input from the team, as part of the public in general, on a key fuel
qualification-related congressional requirement in the Nuclear Energy Innovation and
Modernization Act (NEIMA) (January 2019) legislation. The specific relevant ask in the bill
is as follows:

“Report required. —Not later than 30 months after the date of enactment of this Act, the
Commission shall submit to the appropriate congressional committees a report... for-- (B)
ensuring that the Commission has adequate expertise, modeling, and simulation
capabilities, or access to those capabilities, to support the evaluation of commercial
advanced reactor license applications, including the qualification of advanced nuclear
reactor fuel.”

The NRC plans to submit the report to Congress by January 2021. The AFQ WG is planning to
provide consolidated input to the NRC before their white paper is due to Congress.

4

NEXT STEPS

Plan for the third AFQ workshop (AFQ Workshop [ll) in the late fall 2020 timeframe, with
an agenda aimed to follow up on items listed in the takeaways above and any new items
as they arise leading to the third workshop.

Finalize the AFQ Working Group Charter.

Discuss AFQ White Paper outline and drafting assignments.

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document
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APPENDIX A - AFQ - First Workshop Recap
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Accelerated Fuel Qualification (AFQ): First Workshop Recap
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Sr. Director of Business Development
General Atomics
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The Proposition

Modeling and experiments must be simultaneously
exploited to markedly reduce the years of data that
would otherwise be required for deployment of new

nuclear fuels.

2 + LCENERAL ATOMICS
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Conceptual Progression of AFQ Approach

Data-Driven Approach

All empirical: Out-of-pile and in-pile data

[ ——

wR FEG,
Jﬁ Lﬁ

. . : : e
B.as.lc prop: Meso-scale Engineering/ . Fully 3§ %
Atomistic/nano M&s Macro-scale integrated 5 bl ]
scale models m&s irradiations/m&s T, i Fi
e AL &
S
LT b

NRC
Licensing
Modeling & Simulation with Experimental Validation: AFQ Approach
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A Key Enabler: Accelerated Fuel Qualification (AFQ)

AFQ Defined:

The combination of microstructurally-informed advanced nuclear
fuel performance modeling and simulation (M&S) tools with
targeted irradiation and other select experimental data that can
significantly reduce the cost and number of irradiation
experiments and, ultimately, the cost and time associated with
new fuel qualification.

U ]
'L.—

Pallat-to-Funl Rod

L "
Low oost Imadiation Material Bshavior Microdual samiplos-fo-
Exparimants Pallet Bahavior Bahawiar
Microtss samiples Multl-soala Modallng Fintts Elsrnant Analysis | Fusl Peformanics Code
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AFQ Working Framework and Key Stakeholders:
Making It All Happen

Sustained info
exchange

Joint Team: DOE/
Industry/ Advanced Fuels
Labs/Universities

Modeling & Simulations
NEAMS & CASL

Building a coalition of partners with DOE’s overall coordination

-‘iﬁ CENERAL ATOMICS
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Key Take-Aways from First Workshop ()

* Significant advancements in computational power and tools in
the recent years have enabled the increasingly accurate
prediction of material properties and behavior from basic
principles through complex meso and engineering scale
phenomena.

* AFQ methodology has the potential to reduce the high number
of new nuclear integral tests that are required to qualify new
fuels while maintaining the highest safety standards and
requirements.

* All participants strongly agree that the AFQ methodology in no
way will substitute the need for integral fuel testing.

& + LCENERAL ATOMICS
Use or disclosure or data contained on this sheet IS subject 1o the restriction on the title page of this documen
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Key Take-Aways from First Workshop (ll)

* Uncertainties associated with any computational techniques to
model or simulate material properties and/or behavior need to
be quantified and their implications on validity of m&s results
assessed.

* Technical Working Group (TWG) should be established that
would be charged with furthering the development and
applicability of the AFQ methodology.

* NRC recommended linking any AFQ-related fuel work to safety
analysis activities of the reactor system as a whole (i.e., a
holistic approach to safety analysis).

i 4&» LCENERAL ATOMICS
Use or disclosure or data contained on this sheet IS subject 1o the restriction on the title page of this documen
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Summary and Next Steps

Summary Statement: An agreed-to methodology provides
guidance to industry on the path needed to qualify new materials
and technologies in an expeditious way that incorporates
modeling and simulation with experiments.

Next Steps:
* Plan for a follow up workshop in the fall 2019 timeframe.

* Establish the AFQ Technical Working Group. This could be
discussed and agreed upon in the next workshop meeting.

8 + LCENERAL ATOMICS
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Agenda: Morning Session

Topic [ Presenter [ Start | End | Duration

Walcome and Workshop Introduction

First AFCl Workshop Recap '_I Gmﬁi Iﬁ:ﬂl?lﬂ'! tomics) B30 am | &45am 15 min
Roadmap to Accelerated Fuel Mark Adams ]
Qualification (General Atomics) BASan | 820 | 35min

Fundamental Computational, Experimental, and Theoratical Bﬂlﬁ\g Blocks
High energy heavy lon imadiation for | Abdelat! Yacout

 scoelerated test (ANL) 920em | %:50am | 30 min
S5ion Accalars 1]

Testing (FAST} in Nuclear Fuel Gedfirey Beauslel g50am | 1020am | 30 min
Development (INL)

BREAK (10:20 am - 10:45 am )

rnﬂn! BuIHIE Blocks and Brltlﬂ Muiti-Scale Phanomena
Overview of a procass o develop a

identify regulatory requirements and | Pate Gaillard ) .
dasign criteria applicable to metallic (TaraPowar) 1045 0 | 19:15 0m 30 min
fua|

Nuclear Fuel Applications and Case Studies
[ Fuel paformanca simulabons of

swialling, fission gas releass and David Anderssan , .

creep in U3SI2 informed by atomistic | (LAML) 1:15am | 11:45am | 30 min
simulations

TCR fual design and developrment Kurt Tarrani .

LUNCH {12:15 pm - 1:15 pm)

+ CENERAL ATOMICS
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Agenda: Afternoon Session

Topic | Presenter | Start | End | Duration

Nuclear Fuel Applications and Case Studies (Continued)
Using slalisfical unceriainty analyses

to determine the importance of Madeline Feltus . . :

irradiation effects on TRISO fuel and | (US DOE-NE) 115pm | 1:45pm | 30 min
_materials properties

Case study illustrating how building

blocks are applied and the direction #;“:;f"""‘}“ 145pm | 215pm | 30 min
_JemraPower is movi _ ower

Energy Multiplier Module iﬁl John Bolin 245pm | 2:45pm 30 min

accelerated fuel qualification sirategy | (General Atomics)
BREAK (2:45 pm - 3:00 pm)

Regulatory Discussion
NRC input E:u:l terminalogy ?Jm:rrvan Wert 3:00 pm | 3:30 pm 30 min

AFQ Technical Working Group Charter Discussion

Open Discussion El("ﬁa;mﬁr:rml I . Mmu;iaratur 3:30 pm | 4:15pm 45 min
Futura Actions
Open Discussion E"" F“rll"a"! ! - "f'"d“: Faor | 4:15pm | 4:45pm | 30 min

ADJOURN (4:45 pm)

+ CENERAL ATOMICS
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Transition of Advanced M&S Capabilities

intfo Usable Engineering Tools
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APPENDIX B - Roadmap to Accelerated Fuel Qualification
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Roadmap to Accelerated Fuel Qualification

:3Y
Mark L. Adams, Ph.D.

Director of Special Programs
General Atomics

Presented at the
Accelerated

Fuel Qualification
Workshop 2

16 January 2020

0:0 GENERAL ATOMICS
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Roadmap to Accelerated Fuel Qualification

» Build on the, “Conceptual Progression of AFQ Approach”

» Vadalidated Predictive Capability
— Building blocks
— Coupling multi-physics phenomena
— Bridging multi-scale phenomena

» Performance Risk Management
— Systems Engineering
— Risk Analysis

« AFQ Workshop 2 Opening Comments and Agenda

p 0:0 GENERAL ATOMICS
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Conceptual Progression of AFQ Approach

Presented at the First AFQ Workshop

Data-Driven Approach o ' -

~3_50 um fuel Pellet Fuel rod
microsphere

L “E"Uz

All empirical: Out-of-pile and in-pile data

Validated Predictive Capability

2N

1

Time and cost savings

g;\“ “EGu(q
. . S°
Bas.lc Prop. Meso-scale Englneerlng/ . Fully P O,?
Atomistic/nano Bis Macro-scale integrated 5 7 s
scale models m&s irradiations/m&s 24, 4 5
\r,% R @o‘“
* g g
‘/ NRC
Licensing

Modeling & Simulation with Experimental Validation: AFQ Approach
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Validated Predictive Capability Building Blocks

Theory

« Explains nuclear fuel Experiment
performance

- Multi-Physics & Multi-Scale * Validates theory

 Focused & Integral

Computation

» Integrates knowledge
» Solves theoretical models &

processes experimental data

4 0:0 GENERAL ATOMICS
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Coupling Multi-Physics Phenomena is a

Validated Predictive Capability Challenge

* Nuclear fuel performance involves mulliple coupled physical
processes, e.g., hydrodynamic energy equation includes p
(pressure from EOS) and Q (heat generation form fission):

d l L
gilout 7o)+ 7 |(pu+ gov?)w o] = po

« Operator splitting can help mulii-physics coupling

du
- = (A+ Bu w(h) = e™A4+Bly(0)
e(A+B) o phAphB First Order

e (A+B) o phA/2,hBhA/2  Gacond Order

* Numerical analysis can help quantify uncertainty

— Accuracy Order of the Approximation
— Consistency Discretized Equation & Differential Equation
— Stability Numerical Solution <= Exact Solution of Discretized Equation

— Convergence Numerical Solution <= Exact Solution of Differential Equation

5 0:0 GENERAL ATOMICS
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Bridging Multi-Scale Phenomena is a

Validated Predictive Capability Challenge

* Nuclear fuel performance spans an enormous spatial and
temporal range

Atoms [nm] Kernel [pm] Pellet [cm] EM?2 Fuel [m]

Approaches to incorporate mulli-scale information:
— Tables or empirical formulas
— Inline model with parameters

L3 0:0 GENERAL ATOMICS
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Statistical Mechanics Models can Connect

Atomic Properties with Macroscopic Properties

* Ornstein-Zernike and hypernetted-chain equations conneci
atomic interaction potential with macroscopic properties

Atomic ; i i .
. | Ornstein-Zernike Equation | Thermodynamic
Interaction > : ; > :
; Hypernetted-Chain Equation Functions
Potential
1
.". ; 2.5 i ‘ i i L L
¥ g(r) g(r) / 1
i 2.0t 1
Molecular il |
Dynamics | 15 _ | R W
Density " 10l
Functional
0.5¢
Theory J
0. : : : .
8'0 0.5 1.0 1.5 2.0 2.5 1.0 1.50 20 2.50 30 3.50
1"[1"3] r r/a r
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Independent Multi-Scale Experimental

Measurements can Reduce Uncertainty

Microscopic Property Measurements Macroscopic Property Measurements

S(k) is related to the Fourier
‘transform of g(r)

I 3.00 K
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Validated Predictive Capability Enables

High-Quality Performance Risk Management

Make

Performance Risk Management
- Systems Engineering
 Margin Assessment,

Uncertainty Quantification,

Regulate 7 Use and Confidence Factor

Validated Predictive Capability
Theory

Experiment

Computation
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Conceptual Progression of AFQ Approach

Presented at the First AFQ Workshop

Data-Driven Approach ° ' -

~3_50 um fuel Pellet Fuel rod
microsphere

<R REGy,
O ,

All empirical: Out-of-pile and in-pile data

Performance
Risk Management

Uncertainty

Time and cost savings

Basic prop:
Atomistic/nano
scale models

o AEQUL,
Engineerin Full
Meso-scale 8 g/ Y

Macro-scale integrated
mé&s ; i
mé&s irradiations/m&s

— ot pen ¥
NRC
Licensing

Modeling & Simulation with Experimental Validation: AFQ Approach
10

»

0:0 GENERAL ATOMICS

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document

B-11



Systems Engineering Approach to Defining

Nuclear Fuel Requirements

NASA
Requirements
Hierarchy

O

rganizations

Mission
Authority

v

Mission
Objectives

v

‘ Mission

Requirements

System

Funectional
| Requirements |
Environmental
»ld
and Other Design Ll B
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and Guidelines €
; Y
‘ System
Performance d

| Requirements

Programmatics:

« Cost

« Sche dule

« Constraints

+ Mission Classification

Institutional
Constraints

Assumptions
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v
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Subsystem A Subsystem | : Subsystem Subsystem X
Functional and B c Functional and
Performance Performance
Requirements | Requirements |
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l

Customer Requirements

System Level Requirements

Subsystem Requirements

Nuclear Fuel Examples:
* FuelT <Melting T
« Cladding Strain < 1%
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Performance Parameter Uncertainty Quantification

& Margin Assessment Improves Safety & Reliability

Threshold Nominal
(Melting p) (Fuel B)
06 LS L . GEN| (R ral & Ly Y N T S L) ’
: L J 1 Margin
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> 04f 1 Uncertainty
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AFQ Workshop 2 Opening Comments

 “When successfully demonstrated and applied, the AFQ
approach will open a new horizon for exciting new nuclear
fuels to strengthen the competitiveness of the US nuclear

industry.”

» This is the second workshop in a series that is intended to
move AFQ forward

« Two high-level AFQ thrust areas are emerging:
— Vdlidated Predictive Capability
— Performance Risk Management

13 0:0 GENERAL ATOMICS
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AFQ Workshop 2 Agenda

« Welcome and Workshop Introduction (3)

« Scienta (Science)

— Fundamental Computational, Experimental, and Theoretical
Building Blocks (2)

— Integrating Building Blocks and Bridging Multi-Scale Phenomena (1)
* |psum (Engineering)

— Nuclear Fuel Applications and Case Studies (5)
— Regulatory Discussion

 AFQ Technical Working Group Charter Discussion

* Future Actions

14 0:0 GENERAL ATOMICS

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document
B-15



GA-A29408

APPENDIX C - Appendix C: High Energy Heavy lon Irradiation for Accelerated Testing
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High Energy Heavy lon Irradiation for

Accelerated Testing

Abdellatif Yacout
Argonne National Laboratory

2nd Accelerated Fuel Qualification Workshop
955 L’'Enfant Plaza SW, Washington, DC
January 16th, 2019

T

455, U.S. DEPARTMENT OF
A @ Argonne Mational Laboratary is a U.S. Department of Energy Ar On ne
"4.. " ENER I labaratary managed by UChicago Arganne, LLC

NATIONAL LABORATORY
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CONTENT

» Radiation Effects in Nuclear Materials

= Advantages of High Energy Heavy lon Irradiation

* Argonne Tandem Linac Accelerator System (ATLAS)

» Accelerated Testing of Different Fuels with High Energy Heavy
lon lrradiation

= AMIS - ATLAS Materials lrradiation Station

= Summ
U ar
THE UNIVERSITY OF U8 DEPARTNENT OF _ Argonne Mational Laoomtory Is &
BUHICRES (DENERGY (mmmvicyne Argonne &
ONIE
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RADIATION EFFECTS IN NUCLEAR MATERIALS

» Radiation Effects in Nuclear Fuels

» Major origin: fission fragments with ~100 MeV

» Energy deposition of fission fragments
= Point defects accumulation (dislocations, voids, etc.)
= Amorphization and decomposition
= Grain subdivision

= Accumulation of stopped fission fragments

= Fission gas bubbles
= Secondary phases and solid solution (solid fission
products) HBS in in-pile irradiated UO2 featuring

nanocrystalline grains and micro-pores [1]

= Radiation Effects in Structural

Materials

= Major origin: neutrons

= Energy deposition of neutrons/secondary ions
= Point defects accumulation (dislocations, voids, etc.)
= Amorphization and decomposition

Secondary phases and He bubbles in = Grain subdivision

in-pile irradiated $5316 [2] = Neutron induced nuclear reactions
= He bubbles

[1] T.J. Gerczak et al, JNM, 2018 [2] P.J. Maziasz et al,

JNM, 1981
Argonne &
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ADVANTAGES OF HIGH-ENERGY IONS

= Simulate Fission Fragment Damage (Fuels)

= Each fission reaction produces ~200 MeV energy
» 2~3 neutron: ~4.8 MeV
* Prompt gamma: ~7 MeV
= Delayed energy (decays): ~ 19 MeV
= 2 Fission fragments: ~169 MeV (major source of radiation effects in

fuels)
= High-energy ions can replicate fission fragments (~100 MeV)
= Applicable to already neutron-irradiated fuel to achieve higher burnup level

e { 92
@3 K

v |
v
- L i
dD---> ENERGY d 3 én
1
0 n v
~
~
A
4
141
Ba
Unstable 56
https://www .nuclear-power.net/nuclear-power/fission/ nucleus
BEHICACO (@ENERGY ThHEzmm Argonne ® 4
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ADVANTAGES OF HIGH ENERGY HEAVY ION
IRRADIATION

= Motivations:

Fuel development: direct replication of high-energy
fission fragments: e.g. 100 MeV Xe

Extensive damage range within irradiated materials

= Uniqueness:
Ultra high energy: 1 MeV/amu or higher

THE UNIVERSITY OF

B CHICACO

Vast ion diversity (almost entire periodic table

coverage)
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MECHANICAL PROPERTIES AT MULTIPLE SCALES

80 MeV Fe ion)

Grain boundaries
Radiation defects

Dislocations

= Irradiated material
- DR SR
S g
5 5
'u L
s £
> ©

g ot

g b

S g

a “o““

. Test geometry size
Micro-pillars
TEM tensile tests tests Dog bone

tensile sample
Courtesy P. Hosemann, | i

THE UNIVEREITY OF TS U.S. DRFARTNENT DF ne Mational Lasomtary 15 8 UC Berekl = N
BCHICAGO (BENERGY LZEm R m ¥ Agomne® 6

RATORY
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ARGONNE TANDEM LINAC ACCELERATOR SYSTEM
(ATLAS)

* DOE office of science user facility
= ATLAS Capabilities

» Nuclear structure research facility
» Superconducting linear ion accelerator
* Energy: up to 17 MeV per nucleon capability
 Available lons
« full range of all stable ions

Mass Analyzer

ATLAS Fragment — 1 &

£ Targel

. = = § Gammasphere — iy
Some radioactive ions |
* From proton to uranium
o Gretina/Gammasphere
""" Beamline

| Hotlab |

B Splii-Pole
i R Spectrometer

Target Area |l

CARIBU Pl <
\ '\ W' & S & Nomie
o ' 4 _‘;-‘-.__ Physics

ATLAS Linac

Large Scattering

LW LWL N A
= N : Facility
B CPT-|
i ¢
< General Purpose

Accelerator Sasm Ui

Conirol Room
] 50
| Ee—

Approximate Scale
{in feet)
THE UNTVRRSITY O Wb SRPARTHRNT o cgcnne Hatonal Lazortory 15 3
BEHICNCS @ERERGY EEimsgiv Argonne & 7
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ION IRRADIATION CHAMBER AT ATLAS

lon Irradiation Chamber Established at ATLAS Irradiation Chamber

Hi-Temp Sample Stage
(>300C)

= Features of the Chamber

» Between PIl and Booster LINACs
Up to 1.5 MeV per nucleon

lon type: proton to uranium

(e.g. 56 MeV Fe, 131 MeV Xe, etc.)
Up to 1 ppA ion current

Multiple sample stages supporting

irradiation temperature ranging from RT
to 900C.

Active Cooling Sample Stage Passive Cooling Sample Stage
(RT to 300C) HIBU'LLILIEHQ

T
Bomcaco (DENERY i
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UO,: REPLICATE MICROSTRUCTURES AT HIGH BURNUP

- Xe Implantat]on & PIES 25 GWditU

- 84 MeV Xe at 300°C
« Up to 7.2E17 ions/cm? (1379 dpa)
« TEM+TEM orientation microscopy

= Fission Gas Behavior

Rfepll-cate-d mtrag.ranular bubbles with bimodal size 53 GWAID | T 3 T R
distribution and intergranular bubbles o ¢ 7.22x10"ienslem’ (B S

= High Burnup Structure (HBS)

Replicated both micro-pores and nanocrystalline
grains in the HBS formed in high-burnup UO,

=Support Advanced Modeling
* Clarified HBS formation mechanism
* Helped develop advanced fuel performance mpdels

Xe-Free Zone

HBS Subzone

HBS in in-pile irradiated UO, and 84 MeV Xe implanted UO,[1][2]. . |
[1] T.J. Gerczak et al, JNM, 2018 [Z%Y. Miao et al., Scripta Materialia, 2018 ? Mlcrostructure comparlsons between In plle

[3] I. Zacharie et al., JNM, 1998 [4] K. Nogita etal., NIMB, 1994 and 84 MeV Xe ion irradiations [3][4].

THE UNIVER:

Dunens @iNERGY Ity Argonne &

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document

C-10



GA-A29408

U-MO: HIGH-DENSITY RESEARCH REACTORS FUELS

» Xe Implantation & PIEs
- 84 MeV Xe at 50~300C

» Up to 2.9E17 ions/cm?

» TEM+uXRD+XTM

sFission Gas Behavior
»_Intra- and inter-granular

Replicated size and number density
of bubbles in in-pile irradiated U-Mo

* Phase Stability

» Radiation-induced recovery of
y-U-Mo within the Xe ion
range

Replicated the y-UMo phase
stabilization by neutron irradiation

» Recrystallization

* Nano-grains formation
Consistent with in-pile irradiation

* Interaction Layer
» Amorphous IL (T<200C)

Consistent with in-pile irradiation

: ; 100 nm

Recrystallization induced

by 84 MeV Xe irradiation
[1]1 B. Ye et al., JNM, 2017 [2]D D.Keiser et al., Nucl. Eng. Technol.

Bldeos @ERERGY T

Intensity

g W omniprobe

35
Xe ion direction

Synchrotron uXRD showing the recovery of y-UMo from
o-y’ mixture under Xe ion irradiation

..1- 'y

| e

Y
r. ?4' ;50;,,. ,.’-

.-K.w

L.‘ s 3 v

S u,ae"a‘fﬁ-”@f ATLAS.
Al-UMo IL and Xe bubbles in in-pile
(left) and Xe (right) irradiated fuels

10

...............
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U,;Sl,: NEW FUEL WITH ENHANCED ACCIDENT TOLERANCE

—

" Novel Fuel for LWRs Dislocation: - P

Bubbles

» Successful applications at low :

temperatures in research reactors
(RERTR)

Limited in-pile experience at high
temperatures in LWRs

lon irradiation needed for accelerated fuel
performance evaluation & qualification
Xe Implantation & PIEs SR
Exactly same U;Si, batch as irradiated in ATR 4 (B{,"fsr;t)- ;
84 MeV Xe at 300/450/600C
Up to 1.4E17 ions/cm?

» TEM+uXRD

» Fission Gas Behavior
* Lo Temp = Monomodal intragranulr bubbles
* Hi Temp = Bimodal intragranular bubbles

* Intergranular bubbles with size dependent on
the GB type

Consistent with preliminary PIE results of ATF-1
campaign (no prominent swelling at ~20 GWd/tU)

[1] Y. Miao et al., INM 2017 [2] Y. Miao et al., INM 2018 off 0 oo TR ) ih g -
[3] Y. Miao et al., JNM 2019 Radiation-induced microstructure modifications in
U.Si, implanted by 84 MeV Xe at LWR temperatyre

BERGS @ENERGY T 3%l MR ¥ NRonre & 3t

ATIONAL LABORATORY
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U,Sl,: NEW FUEL WITH ENHANCED ACCIDENT TOLERANCE

= Xe Implantation & PIEs
* 84 MeV Xe at 450C
* >200 dpa
* TEM+uXRD
= Phase Stability
* Phase decomposition at 450C (>200 dpa)
* Nanocrystalline USi matrix
* Amorphous U-enriched inclusions

Predicted the occurrence of phase decomposition
under certain irradiation conditions
Need confirmation from in-pile irradiation & PIE

= Bubbles in Decomposed U;Si, [t Z9 e 7 [IOrEIIES

: & interfacial
* Intragranular/intergranular/phase .
boundary

* Limited swelling due to the nano-grains

= Support Model Development
* Reference for rate theory parameterization

* Fission gas correlation implemented into
BISON

[1]1Y. Miac et al., JNM 2019

Phase decomposition of U;3Si, into a U-enriched
inclusion and a nanocrystalline USi matrix

Xe bubbles in decomposed U,Si,

Bicacs GENERDY RESE R Argonne & 12
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U-10ZR: BINARY FAST REACTOR FUEL

» Xe Implantation & PIEs 12001~
* 84 MeV Xe at 700C (~centerline temp) S 10001 YU (82r)
+ Up to 2.19E17 ions/cm? °:I_,' _—
s TEM B gl o
E » A 701(_: oYYz gy =
* U-Zr Phases =
* Irradiated at y;+ y, phase field R | Y s
* Mainly y;2a; v, w/6 during cooling - } ¢ ‘
0 20 30 40 50
Consistent with phase diagram Zr Welght Percentage
=*Fission Gas Behavior B R TS

¢ U-enriched y,
* Bimodal bubble size distribution
* Large bubbles on dislocations
* Lower bubble density
* Zr-enriched y,
* Monomodal bubble size distribution
* Small bubbles, high density

Dissimilar fission gas behavior in different phases

Bubbles formed in different U- erhases
(a) | i

@
S

w

o

n
S

n
S

= Support Model Developmen

* Help develop/validate fission gas models for
separate U-Zr phases.

Size Distribution (%)
Size Distribution (%)

=
o

0 0
0 20 40 60 0 5 10 15 20
Bubble Size (nm) Bubble Size (nm)

Bimodal bubbles (y;) vs. monomodal bubbles (v,) .,
Argonne @
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SUMMARY: HEAVY ION IRRADIATION USING A LINAC
(ATLAS) FOR SUPPORT OF AFQ

High-energy ion irradiation produced by LINACs is capable of
= replicating a series of microstructural modifications observed in

in-pile irradiated materials to help understand the mechanisms;
+ Fission gas bubbles in UO, and U-Mo
« Al-ZrN IL in U-Mo dispersion fuel with ZrN coated particles
+ Radiation-induced dislocations in steels

= providing microstructural modifications data of new nuclear

materials before in-pile data are available;
 Bubble morphology and phase stability data of U;Si,

= creating a deep radiation damage profile that enables the

application of advanced characterization techniques;

* Phase stability in U-Mo and U;Si, (WXRD)
« Dislocations effect on mechanical properties (in situ synchrotron tensile test)

Key Issue: ATLAS is a DOE Science user facility with limited
availability for other users. How to allow for more beam
time at ATLAS for accelerated fuel materials testing ?

vvvvvvvvvvvvvvvv

/] U8 DEPARTMENT OF _ Argonne Mational Laooatory 1s &
BEHICACO (DENERGY EHRTETEn Argonne & 14
SR
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ATLAS MATERIALS IRRADIATION STATION (AMIS)

= A beam switching capability which alternate between an intense stable ion
beam (to be used for materials research) and a radioactive ion beam (CARIBU
— used by DOE office of nuclear physics users — ONP) or vice versa (for tracer
studies)

= Utilize the pulsed time structure of the recent ATLAS upgrade, CARIBU, which
delivers accelerated beams of radioactive fission fragments from a
spontaneous fission source of 252Cf (only pulsed 3% of beam time)

= The materials irradiation beam will be pulsed in between the CARIBU pulses,
so it will not interrupt the main mission of the ONP facility

€)] il e Upgrade plan of establishing AMIS
. A Lolpt _ e at ATLAS: (@) floor plan of ATLAS
S e /J;ﬁ = after CARIBU and AMIS upgrade;

g g red region is the current irradiation

i . < chamber used 1o validate the

: W BT pasibility of AMIS; blue(d) and
y o\ e, yellow(B) regions indicate the
) , upgrade needed for AMIS. (b)
current irradiation chamber

TR

! ! : % T operating  during  maintenance
| wo-, @ ™ - " g deen .
I i ;> ; period. (c) sample stage of the
ELCPRANIN current irradiation chamber. (d)
" gt pages . & temperature conirol of the current
e irradiation chamber.
BEHIERES @eneRGy TR Argonrc @ 18
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UPGRADE PLAN OF AMIS: OVERVIEW

=  AMIS Beam Extraction (Region B)
. In Tandem Vault after the Injector LINAC

. lons have ~ 1 MeV/amu or higher energy S—
. Pulsed extraction of AMIS ion pulses (97%) Mass Amalpres
+  CARIBU pulses continues to be accelerated by Gsmmashers % ]
CARIBU Upgrade following LINACs e :
. Californium Rare Isotope Breeder Upgrade
»  Recently funded upgrade plan ' . | 2 P aR S
{ y S ¥ 1 - Gretina/Gammasphere
. CARIBU only uses 3% pulses e ’ { Beamline
: - Split-Pole
' Specirometer
Targel Area i
Large Scaftering
Facility
" " 1 am ) »
. (i fent)
Beam Combiner (Region A) o
Combining CARIBU and AMIS ion sources
Time allocation: 97% AMIS and 3% CARIBU
Both beams share ATLAS acceleration capability simultaneously
BLHICKES (@ENEREY 35ttt Argonne & 18
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AMIS (ATLAS MATERIALS IRRADIATION STATION)

» Advantages:

— Accelerated testing of fuel materials to support down-selection of
fuel material over a short period of time (1 to 2 years time frame)

— Will enhance already existing inter-laboratory and university
collaborations on heavy ion irradiation

— Moderate investment to gain extended access to a unique world
class facility

— Leverage already existing office of science investment in ATLAS

— Potential for becoming a NSUF user facility for the nuclear materials
community providing more access time for national labs and
universities

THE UNIVERSITY OF U8 DGPARTHENT BF  rqcenns Hational Lascntary 13 & n
BUHICACO (DENERGY [Tomsshin Argonne 17
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AMIS STATION LAYOUT

S S

S0 kicker

BEHICACO @ENERGY i ie Argonne & 18

NATIOMAL LABDRATCRY
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AMIS STATION LAYOUT

ECR-II
Combined
Beam
Injection
CARIBU
LEBT G-y
Beam
RFQ Pl Extraction
; . y Bunchers
Extraction Beamline Design
BLHICKES (@ENEREY 35ttt Argonne & 19

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document

C-20



GA-A29408

SUMMARY

"~ 100 MeV fission fragments produced during fission are
responsible for majority of damage and changes in fuel
microstructure during irradiation

* High Energy Heavy lon Irradiation with key fission fragments
types and energies can simulate those fission products

» High burnup &1000’s of dpa in fuel materials can be simulated

» Accelerated testing was performed at ATLAS accelerator on
different fuel materials at different operating conditions (U-Mo,
UO2, U3Si2, U10-Zr) and structural materials

» Accelerated testing using high energy heavy ions can support
the accelerated fuel qualification approach, based on the
positive results of testing on different fuel materials

» A dedicated materials irradiation station (AMIS) at ATLAS will
provide extended access to the facility (more beam time)

Argonne Hational

- Rt s o ol st A & oo
CHICAGO ENERGY & st mmai rgonne
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BACKUP

THE UNIVEREITY OF U.S. DEFARTHENT BF Argonne Hational Laoomtory 1s &
CHICAGO (@JENERGY Z5aiiustism Argonne &

MATIONAL LABORATORY
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PROPOSAL - EXTREME MATERIALS BEAMLINE (XMAT)

A new beamline at the Advanced Photon Source (APS) for in situ
studies of materials under irradiation, temperature, stress,
environmental, efc.

XMAT will provide x-ray probes for in-situ
study of materials in simulated extreme
radiation environments, enabling rapid
evaluation of materials performance under
extreme service conditions including
structural materials and in particular for
nuclear fuels.

Environmental
-#— Chamber
1Guartzj

Sample Width

XMAT is made possible by combining the
technology of Argonne’ s unique
capabilities:

1.Energetic, Heavy lon Beams (ATLAS)
2.Focusable, High Energy X-Rays (APS) |
3.Multi-modal Imaging (APS) semei

¥
\ Interrogated

Sample
Volume

In-situ monitoring the changes in mechanical properties,
and microstructures during ion irradiations

Opportunity Window -> APS/ATLAS Upgrades

THE UNIVERSITY OF U.8. DEFARTNENT OF  fgone Mational Leoomtory |s o

PUHICRCO (DENERGY H3rmeisrn Argonne & 22
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RANKING OF XMAT IN RELATION TO OTHER ION
IRRADIATION FACILITIES IN THE US

University of Michigan - Michigan lon Beam
Laboratory

Voltage Electron Microscope (IVEM)
Sandia National Laboratory - In-situ lon e D B
Irradiation Transmission Electron Microscope

Argonne National Laboralory - Exreme Maledals -----

Beam Line (XMAT)
Brookhaven National Laboratory - lon X-ay
Beam (IXB)

Lawrence Livermore National Laboratory -
Center for Accelerator Mass Spectrometry..

Massachusetts institute of Technology - MIT ----

Matedals Laboratory

Extreme Environment (CMUXE)

Ohio University - Edwards Acceerator --
Laboratory

-

mC1: Viability for the capability to extend our understanding

BC2: Ability of the facility © provide a variety of ion
imadiations (ion types, energies, multiple beams, etc ).

wC3: Ability of the facility 1o provide a vanety of wedl-
controlied target emvironments and condiions.

B C4: Ability of the facility 1o collect and analyze materials
properties andior parform micro structural characterization
data onsite.

uCS5: Ability of the facility o collect and analyze materials
properties andior parform microstructural characterzation
data in-situ.

BCE: Cumrent or potential productivity of the facility (e g.
Mﬁw-)hmmwﬂmmm

BCT: Unigue capabilifies of the fadiity including any new
technology that has the capability to dose technological
gaps.

= C8: Ability of the facility 1o handle radicactive materials
(structural matenials and/or fuels) in the beams and
elsewhers onsite.

C9: Ability of the facility 1o produce quality-level data that
can suppon licensing as well as verification and valdation
of modeding and simulation.

=C10: Ability of the facility 1o produce results that meet the
neads of the DOE - Office of Nudear Energy (including
cross-cuting programs ) and the nuclear enargy industry.

GA-A29408

0 5§ 10 15 20 25 30 35 40

Overall score and ranking of the ion beam facilities, “NSUF ION BEAM

- ANVESTMENT OPTIONS WORKSHOP,” INL/EXT-16-38957, March 22-24, 2016

CHICKES (DENERGY 3bmaTirm Argonne &
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TIMELINE OF XMAT

Beam Switcher Upgrade
{(AMIS) + Sample Station w/
T + Strain

Extended Beam
Time for NE Users

~

Current Capabilities APS Upgrade
Ex-situ Opportunity to Build in-situ Hutch XMAT
WAX/SAXS/Tomography/HEDM Coherent X-ray Beam
4} 4 B Full Capability
User Propossl Based Allocation High-Energy lon lrradiation

In-situ X-ray Investigation

Full Beam Availability
100% Specified lon Beam

Hi-Relevance Applications

Rate-dependent processes
i mlm Microstructure evolution

Station @
APS

BEHIEREs @

Argonne &
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KEY XMAT ADVANCES

In comparison to most existing ion irradiation capabilities, the XMAT ion energies and currents are
~100 times higher. The increased ion irradiation energy (e.g., 133 MeV for xenon) enables several
critical advances:

* |t provides a unique opportunity to simulate the effects of fission fragments in nuclear fuels,
where ions of all elements can be accelerated to fission fragment energies, while being
characterized in situ.

* For cladding and structural materials, the increased penetration depth of energetic ions allows
the “bulk behavior” to be examined, eliminating surface-sink effects, and allows understanding
of individual physics of ion damage including electronic, collisional, & added interstitial

* The insitu penetrating ability of the APS focusable hard x-rays, applied during ion irradiation, is
another key advancement of XMAT that allows the interrogation of individual grains within solid
material samples during irradiation.

*  With this information and related computational modeling, the differences between ion and
neutron irradiation as well as the impact of fission products damage become much more
understandable.

XMAT can close the design loop for the entire nuclear materials community in two ways:
1)It provides accelerated testing for hundreds to thousands of samples (24; 7)
2)It reveals the key “single” physics dependences required for accurate computational modelling

vvvvvvvvvvvvvvvv RTMENT OF _ £rgonne Hational Letomtary |3 o

BEHICACO (DENERGY EHRTETEn Argonne &
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APPENDIX D - Fission Accelerated Steady-State Testing (FAST) in Nuclear Fuel Development
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U.S. DEPARTMENT OF

ENERGY ‘ Nuclear Energy

Fission Accelerated Steady-State Te:
in Nuclear Fuel Development

Geoffrey (Boone) Beausoleil, Kyle Paaren, Matthew
Nuclear Fuels and Materials Division, ldah
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U.S. DEPARTMENT OF

ENERGY Current Nuclear Development Cycle

Nuclear Energy

Design, Fabrication, and

Post Irradiation Characterization
Exam and (3 to 4 years)
Performance
Assessment

(3 to 5 years)

Irradiation (3 to 5+ years)

~20 to 30 year development cycle
Example: TRISO, HPRR, Metal fuel,
advanced claddings, .

m,‘ Advanced Fuels Campaign

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document
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U.S. DEPARTMENT OF

ENERGY DOE’s Standard Fuel Testing Reactors

Nuclear Energy

HFIR:

+  Water-cooled plate-type MTR
started 1965

» Two involute plate rings create
very high flux in center trap
and other reflector positions

* Unrivalled isotope production
and neutron beamline
capabilities

* Unique material/fuel irradiation
capabilities for properties
evolution, separate effects, and
model validation

ATR:

+ Water-cooled plate-type MTR started
1967, still one of the newest and
most advanced MTRs today

+ Serpentine driver core creates nine
flux traps and numerous other test
positions

+ High flux, large useable test
geometries (1.2 m long core), and

high capacity factor (for an MTR,
~200 day/yr)

* Rich history of burnup accumulation
in capsules, instrumented lead outs,
& pressurized water loops

* Transient power-cycling via
A specimen insertion/removal device
W Advanced Fuels Campaign

RIA ;r;;sient

TREAT:

B Graphite-based transient
reactor started in 1959

B Unparalleled transient shaping
capability (milliseconds to
minutes)

B Operated until 1994 focused
largely on SFR testing

B Restarted 2018, demonstrated
transient capabilities for LWR
(RIA & LOCA)

B First fueled water capsule
irradiated just weeks ago

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document
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U.S. DEPARTMENT OF

'ENERGY Approach to Accelerated Integral Fuel Testlng
(Fission Accelel | Stea ; .

Nuclear Energy

B Revised Capsule Design Objectives:
1) Increase burnup rate for fuel experiments: reduce time to achieve high burnup
2) Improve experiment reliability: reduced sensitivity to fabrication tolerances and
capsule/pin eccentricity

3) Double capsule design allows experiment tenability to variety of prototypic
conditions and fuel forms

2.5mm Y Caneule Max. Inner Min. Inner Peak Fuel
{0.100-in) De'; n Cases Clad Temp Clad Temp Temp
. o {©) {C) ()
( “ 0 jum offset 572 709
| Standard
365 Wicm 25 pm offset 605 483 695
50 um gap
Difference +33 -89 -14
Double- 0 pm offset 570 570 684
. Fuel Encapsulated
200 Wiem 25 pm offset 567 523 664
93 mm . 50 um ga
. Liner IR Difference 3 47 -20
. Clad Double- O um offset 566 566 637
Encapsulated
|:| 180 Wicm 25 um offset 566 556 629
> Helium 100 um ga
— b Difference (] -10 -8
< > ql . Sodium
Zmm
(0.284in) B[] staintess steel One-half diameter pins could achieve ~5% burnup/ATR 55-day
_v | cycle and reach 30% burnup in less than 3 years.

m—" Advanced Fuels Campaign
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Y, U.S. DEPARTMENT OF

Y ENERGY TREAT-THOR Testing

Nuclear Energy

Temperature Heat-sink Over-power Response (THOR) capsule

B Thick wall heat sink capsule with liquid metal bond {sodium)
to specimen

B Easy way to get heat transfer without the cost of a full loop

B Concerted with TREAT transient power shaping to created
desired temperature response (milliseconds to minutes)

AFC, JAEA, and NSUF efforts underway for FY21 testing ‘“?;:::"!—j' :
®m SFR fuel temperature response during early stages of E
overpower transients

sodium bonded <
metal heat sink

B Phase-based radial thermal conductivity measurement
(oscillating transient)

B Power to melt studies for SFR fuel o

:“ + ANdvanced Fuels Campaign 5

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document

D-6



GA-A29408

ENERGY HFIR: MiniFuel Testing Capabilities

Nuclear Energy

B Recently commissioned MiniFuel Capability
— Burnup accumulation of small specimens (~1mm particle Seaid

and disc scale) capsules

— More for microscopists than engineers, clever way to
produce specimens for small-scale phenomena PIE

— Specimen to “filler” hardware volume ratio yields ~constant
temperature irradiations relatively independent of fission

Centering
thimbles

Insulators

SiC
ometry

rate

— Gamma-heated filler design can affect different target lybdenum
temperatures, life avg measured in PIE by passive SiC filler
thermometry Fuel

ernels

B Current efforts already underway

— First UN irradiations recently performed

— AFC U-Zr irradiations presently under preparation
B Value potential to be evaluated

— RUSL experiments can give the first look at fresh fuel :
pha_se Stablhty VE tem_p/fl_ssmn-rate MiniFuel capsule (left) and PIE of UN fuel
— MiniFuel can add the fission damage effect kernels irradiated to ~10 MWd/kg U (right)

Images courtesy of C. Petri

*‘v— Advanced Fuels Campaign 6
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U.S. DEPARTMENT OF

PENERGY DISECT Separate Effects Testing at BR-2

Nuclear Energy

NSUF project that can be adopted into ATR DISECT sample holders.

B Separate effects irradiation test at BR-2 in Belgium ;%rit)olx:i)sar:’:\zt:rog”O}‘nUZ-ill\r/l c%rTiEm Egﬂgﬂlegs 'n aluminum housing.
B PIE planned at INL

B DISECT vehicle allows for customization of sample
holder to meet the needs of the experiment

B Two approaches are being used for this irradiation

— U-Zrfoils are placed in a zirconium housing with customized
internal volume to accommodate swelling and act as a
plenum for fission gasses.

— U-Mo 3mm diameter TEM punches are placed in an
aluminum holder.

B Can be tailored to meet other fuel form objectives

Abaqus thermal rendering of U-Zr
housing (Top) and U-Zr foil (Bottom)

[ | Y — — -

AT A5 —=2]
Mf’ Advanced Fu —‘5{-! ,.]' o3 ,-{ H_”

-y -y

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document

D-8



U.S. DEPARTMENT OF

ENERGY

Nuclear Energy

PIRT Analysis and Prioritized Strategy

GA-A29408

B INL stood up an accelerated testing
working group that spans multiple
laboratories and programs

— Contributors from across INL, LANL, &
ORNL as well as AFC and NEAMS

B Phenomenon ldentification and
Ranking Table analysis was
performed

B |dentified key focus areas for
modelling and simulation needs

B Provided guidance for experimental
objectives and data acquisition

B Coordinated AFC-NEAMS
milestones based on results

:“ + ANdvanced Fuels Campaign

Chemical Diffusivity

Fuel Geometry

Defect (structural) mobility
Irradiation Response (fuel)
Porosity

Mechanical strength (fuel)
Thermal Conductivity
In-pile composition

Fission Density

Fission Rate

Fission gas generation and release

Temperature Gradients
PCT

Reactor Power

Phase Aspect/Distribution
Texture

Fluence

Spectrum

Cladding Phases

PICT

Grain Size (clad)

Irradiation Response (Clad)
Mechanical strength (cladding)

Diffusion
Fission Gas
Fuel Irr. Props.
Microstructure |
Reactor Design
Temperature
Cladding

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document
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i . U.S. DEPARTMENT OF

Y ENERGY Experiment & Model-Simulation Synergy

Nuclear Energy

B Coupling a wide range of reactor
conditions with model conditions
across a variety of length, time, and
temperature scales allows for o
optimized R&D

m Utilize BISON and MOGSE ﬁ"" Y
experiments prior to irradidfion
— Perform bounding studies®n key _; 6‘7

phenomenon of interest; e.g. a h
medium-low study of fuel pIashcﬁ

m Utilize Raven for uncertainty
quantification and represem,ptlwtyda y @
analysis

— Able to quantify how realigtic he

experiment is and the impaet of
uncertainties to the results

% Advanced Fuels Campaign

= Probabilistic
— Risk Analysis

. DataMining
\

REVEN  © )J* |

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document
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U.S. DEPARTMENT OF

YWENERGY Accelerated Testing within AFC

Nuclear Energy

B AFC-ATWG relationship between experimental programs and modelling/simulation

= Comparison
with historical
data

- Comparison
with

= Property
Correlations
*Behavior
predictions

+Fabrication
Data

= Projected
Power
Histol

Machine
Learning

Initial

Validation Validation

concurrent
experiments

Uncertainty
Quantification

Representativity
Analysis

* Microscopy
+Chemical
Analysis

Assembly
and

« Casting
*Machining

Irradiation

Fabrication

FY20 FY20-FY21 FY21-FY24 FY25-FY26

*‘-' Advanced Fuels Campaign 10
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U.S. DEPARTMENT OF

VENERGY

Nuclear Energy

Experiment Schedule Strategy for Metal Fuels

GA-A29408

| 2020 2021

ATR Core

Internal 2022 2023 2024

Change-out

2025

2026

FAST Phase-1

i _ Tests
- Fresh fuel Pre-irradiated Na-Loop Pre-lrr.
tests THOR fuel tests, Tests (baseline
A Capsule THOR Capsule fuel)
MiniFuel Metallic Fuel capmuns  Conterng
Test, ORNL nsuistors
DISECT Fuel Test MiniFuel-Metal PIE,
(BR'2) 'NL oy I::]l‘)l:ial:num
DISECT Fuel PIE, BR-2
and INL

e Post-Irradiation Furnace Tests

AFC-3, -4, -IRT Cont.
FAST Phase-3: SI & H
FAST Phase-2

Na-Loop Fresh
on FAST Phase-1

Na-Loop Pre-lrr.
Tests (Advnaced
fuel)

Qualification Framework

5 Year Period of AFC’s Transformation toward Industry-Endorsed Fuel

*.r' Advanced Fuels Campaign
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U.S. DEPARTMENT OF

ENERGY FAST is Beyond Metal Fuel...

Nuclear Energy

STy,
= =\
e a &
> 4
Ses O

B FAST is performing extensive metal fuel
irradiations

— But FAST was originated to support more than just SFR
metal fuel development

B Vendor Support
— Being adopted for UC irradiations with GA via LDRD

— Scoping studies for supporting Oklo fuel concepts

\
B Supporting pre-irradiation of novel LWR fuel \i A
concepts from LANL for TREAT testing

B Adopted as irradiation platform for the NNSA
Advanced LEU concepts

Advanced Fuels Campaign
- dvanced Fuels Campaig

s 1
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D Nuclear Materials Discovery
and Qualification Initiative

Qualification Reqwrements

Optimization § Utilization

Compufohonol Materials Design

Data Analyhcs
Physics Based Modeling
High Throughput Infrastructure

Advanced Manufacturing

Nuclear Materials and Fuels Testing

National Programs

GA-A29408

~9
_ ¢ mldcho National Laboratory

NMDQi takes a Grand Challenge
approach to accelerate development

and qualification of:new nuclear.
materials and fuels for: future advanced
reactor technologies:.

Enabling Technologies and Capabilities:

* Physics-based M&S for materials discovery and
optimization.

« Data analytics for machine and deep learning.

« High-throughput material fabrication/characterization
applying advanced manufacturing principles.

* Nuclear material testing over a wide range of
conditions, including accelerated irradiation testing.

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document
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APPENDIX E - Appendix E: Fuel Performance Modeling and Fuel Qualification at TerraPower
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I I T O B N 9 W = |
® 8
oo © /_\
. %, % TerraPower
O @ e o
@ ® ® ?

' o2 Fuel Performance Modeling and
s ." Fuel Qualification at TerraPower
Dso 0

Sl James Vollmer and Sam Miller
&

o

Copyright© 2020 TerraPower, LLC. All Rights Reserved.
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* One of TerraPower'’s strengths has been the tight integration
between modeling and testing activities

o Often a necessity due to aggressive performance and schedule targets
Pushing the envelope for fuel burnup, lifetime, and fast fluence
Need to make design decisions with limited information
Needed to start testing early to achieve targets

O

9

@)

Small teams forced integration of activities

o Fuel performance model development

o Fuel performance assessments to support core design
o Fuel and material fabrication development

o Fuel and material testing (in-pile and out-of-pile)

o Overall support of fuel qualification

I [ I S
9 Copyright© 2020 TerraPower, LLC. All Rights Reserved.
TerraPower
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e & YV V S

* Established fuel regulatory acceptance criteria that
correspond to what is covered in the Standard Review
Plan, making revisions as necessary to cover sodium fast
reactors

* Revised fuel design criteria/bases to assure one-to-one
coverage of the established fuel regulatory acceptance
criteria

« Fuel Qualification Plans prepared to assess testing and
analysis activities required to justify and assess
compliance with fuel design criteria

I [ I S
3 Copyright© 2020 TerraPower, LLC. All Rights Reserved.
TerraPower
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GA-A29408

* Fuel qualification plans prepared to identify activities
needed to:

O

g 0 9 9 O

Copyright© 2020 TerraPower, LLC. All Rights Reserved.

Justify fuel system damage criteria
Justify fuel pin failure criteria

Justify fuel coolability criteria

Justify control rod insertability criteria
Establish fuel system description

Establish and validate methods for fuel system design
evaluation

TerraPower

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document
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Fuel Qualification Plans (cont.)

o Establish testing and inspection plans/specifications
for new fuel

o Establish methods and programs for online fuel
system monitoring

o Establish post irradiation surveillance plans/programs

T S I T T . O .
Copyright© 2020 TerraPower, LLC. All Rights Reserved. o ”\».\_7
TerraPower

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document
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Justifying Fuel Design Limits & Evaluation
Methods Have Been Main Priority

* Evaluated and summarized available data to set and justify initial
fuel design limits

« Wherever practical identify additional testing to verify acceptability
of established limits using TerraPower materials

* Develop correlations and computational methods to analyze
designs to verify limits are met
o Correlations/methods to cover high impact phenomena
o Identify validation needs for phenomena correlations and methods

T I T a—" OO T I
5 Copyright®© 2020 TerraPower, LLC. All Rights Reserved. = ﬁ—.\\‘
TerraPower
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Phenomena Identification Ranking Tables (PIRTs) Help
Guide the Process

For each design limit and targeted condition list all phenomena required to assess performance.

Rank importance and knowledge for each phenomenon.

Importance o i
Rank Level Definition
Low (L) Variation of parameter has minimal impact
on assessment of design criterion High (H) Known
. Variation of parameter has moderate impact
MediumiM) | &0 assessmanital design criterion Medium (M) Partially Known
High (H) Variation of paramett_er has_ 5|g.n|f|cant impact Low (L) T
on assessment of design criterion

PIRT process ensures that key fuel phenomena are identified and understood

| = I T T S T
Copyright© 2020 TerraPower, LLC. All Rights Reserved.

/—-x

TerraPower
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PIRT Evaluation Identifies Key Fuel Phenomena

Design Criteria (Limits)

Purpose of Limit

Key Parameters that Influence Criteria

Thermal Creep Strain in
Cladding

Prevent cladding rupture or coolant
flow blockage

* HT9 Properties/Constituent Model
FCCI Clad Wastage
* Fission Gas Release

Total Strain (Thermal plus
Irradiation Enhanced
Creep and Swelling)

Prevent mechanical interaction and
coolant flow blockage

* Fission Gas Release
HT9 Properties/Constituent Model

Peak Fuel Temperature

Prevent fuel melting

* Fuel Thermal Conductivity
* Axial Growth

Peak Cladding
Temperature

Prevent cladding failure due to fuel-
clad eutectic reactions

* Coolant Temperature

Cladding Wastage

Prevent cladding rupture or coolant
flow blockage

* FCCI Clad Wastage

[ e e B e & "
Copyright© 2020 TerraPower, LLC. All Rights Reserved.

M NN T S .
e —

S
TerraPower
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Fuel Performance Tools at TerraPower

Gas & Sodium Filled Porosity

Crucible - Fast, integrated with ARMI®,
aimed at key designcriteria during normal
operation for all assemblies:

» Sodium-bond transport

* Fission gas release transport
* Fuel axial growth

» Cladding wastage

* Temperatures

+ Cladding Strain

. i . Porosit

ALCHEMY® - FEA model for high-fidelity b
calculations

* Steady-state and transient behavior 8678

* High-fidelity strain and temperatures §§;§g

 Cladding damage models 0:5¢7

» Capsule models for ATR/MITR/TREAT testing 8388

* Absorber pin models (B,C)

 "Structural” material models are used elsewhere

o OXBOW
o Pin attachment hardware (pin rails, endcaps, etc.) l
2 x

[ En e e B T
Copyright© 2020 TerraPower, LLC. All Rights Reserved.

TerraPower
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Fuel Performance Model Philosophy

Focus:

« Modeling key criteria necessary for design and licensing
* Collecting and analyzing experimental data
« Automation and efficiency of tools

Use fundamental equations and models where appropriate:

* General thermo-mechanical FEA models (ALCHEMY ®)
» Structural materials creep and swelling models
* Fuel deformation

Use empirically-based models and avoid overly complex models: (minimize number
of unknown model constants)

+ Gas release model

» FCCl model

+ Creep damage model

+ Axial growth model

* Fuel conductivity change due to irradiation

[ En e e B T [ I S
10 Copyright© 2020 TerraPower, LLC. All Rights Reserved. iy
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0,035 2

ALCHEMY ® Verification: Separate & ..

—— SDV6 (Avg: 759%) Pl: CUBE-1 i 1
— SOV7 (Avg: 75%) Pl: CUBE-1 N: 1

L ] L] —— SDVB (Avg: 75%) Fl: CUBE-1 N: 1
Mixed Effects Testing s

Z A ATt e s e e T e e S Tt CiTheatan
= 0.020
‘®

Constitutive Model Benchmark Tests: W B R

« Model tests use a variety of 2D and 3D
element types and geometries, under

0.5 70 70 : z0 50 = T6.0(x1.E6)

. . . . Time [sec]
various |Oad I ng Cond |t|OnS Plot of an integration test showing
" Structural material mOde|S the complex HT9 strain behavior

* Thermal & Irradiation Creep
» Stress-free and Stress-Enhanced Swelling
* Irradiation Hardening

* Fuel constitutive models

* Porous Plasticity & Creep
« Fission Gas Behavior
» Thermal Behaviors

3D Triaxial Load Creep Integration Test

11 Copyright© 2020 TerraPower, LLC. All Rights Reserved. -
TerraPower
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Cladding Deformation Mechanisms
Models for HT9 (multiple), SS316, D9, other steels & materials

8 mechanisms of deformation:

= Stress-Free Swelling f(dpa,T)

= Stress-Enhanced Swelling f(dpa, T, o)
= Linear Irradiation Creep f(dpa, o)

= Non-linear Irradiation Creep f(dpa, T, o)
= Primary Thermal Creep f(T,o,¢€)

= Diffusional Thermal Creep f(T,o0)

» Power-Law Thermal Creep f(T,0)

= Visco-Plasticity f(T,o0)

“+Each of these mechanisms has an effective regime where the mechanism has a strong effect.
“*Models informed by recent TerraPower testing

“+During steady-state operation, Power-Law Thermal Creep and Visco-Plasticity should not be
dominant méchanisms (o< <Yield Strength)

I - | T | .4 | " I T T .
12 Copyright© 2020 TerraPower, LLC. All Rights Reserved. —
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Sample Fuel Pin Clad Strain Profile Predictions

0.03 Feed Euel Pin 0.03 Feed Fuel Pin

[ 0-o HCF at 11at% Burnup 2-0 HCF at 11at% Burnup

0.02 Diffusional Thermal
| R Creep Increased Due to

Linear Irr.
Creep i Higher Temperatures

’ Total Strain Diffusional
Thermal

0.01F /’\\ 0.01 e "_l
- . Creep JF Ry s 3

Clad Strain
Clad Strain

| | L 1

F
\
2 4 T“

0.00 —= . . . 0.00 I . . . . . !
0.0 0.2 : 04 . 0.6 A 0.8 1.0 0.0 0.2 04 0.6 0.8 10
Normalized Axial Location (x/Lo) Normalized Axial Location (x/Lo)
. T S . - I T
13 Copyright© 2020 TerraPower, LLC. All Rights Reserved. iy h\\\
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ALCHEMY ® Validation Hierarchy & Phases

3 Levels of Validation Hierarchy

+ Component
* Subsystem
» Complete system

3 Validation Phases

 Phase 1: Demonstrate general
adequacy for modeling sodium-
bonded metallic fuel (in this phase)

+ Phase 2: Qualify ALCHEMY® for
licensing SFR sodium-bonded fuel

» Phase 3: Qualify ALCHEMY® for
licensing advanced TWR fuel
systems (with additional testing)

B. Subsystem
Model
Validation

A. Complete System
Model Validation

(steady-state and
transient for each)

1.Cladding Strain

2.Fuel Temperatures
3.Time-to-cladding failure
4 Advanced Fuel Systems

. Thermal Reactor 5.

Experiments

. International Metal

Fuel Experiments 6.
Cladding Creep 7
Strain and Rupture g,
Plenum Gas

Pressure 9.

Fuel Cladding
Chemical
Interaction (FCCI)
Eutectic Reactions
Axial Growth
Sodium Bond
Logging
Advanced Fuel
Systems

1
a) Unrestrained

Component
Validation

b)
<)

Fuel Behaviors

Fuel Swelling
Gas Release

Constituent
Redistribution

2. Cladding Behaviors
a) Thermal Expansion a)

b) Yield Strength

c) Swelling

d) Creep Damage
e) Sodium Wastage
f) Decarburization
g) Fatigue

h) Thermal Aging

3. Advanced Fuel

Large diameter, thin
cladding Performance
High DPA Cladding Creep
and Swelling

c) FCCl barrier damage

b

ay

Advanced fuel axial growth

14 Copyright© 2020 TerraPower, LLC. All Rights Reserved.

Cha S TS BB e
- A‘\\
TerraPower

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document

E-15



GA-A29408

» Dedicated effort to compile, digitize, and analyze metallic fuel data
from EBR-Il and FFTF to create a fuel performance database to
support ALCHEMY ® validation

 Phased approach to progressively expand the number of benchmark
cases as we develop and improve ALCHEMY's functionality

* Primary focus has been HT9-clad pins, but we do have 316 and D9
pins in our plans to validate applicability to other cladding materials

» Topical reports of fuel phenomena have also been prepared to
support correlation development and sub-model validation

o Axial growth, fission gas release, FCCI, eutectic interactions

15 Copyright© 2020 TerraPower, LLC. All Rights Reserved. )
TerraPower
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Status of Historic HT9-Clad Fuel Pin Reports

Report History Report Report PIE Results
U-10Zr, U-8Pu-10Zr, U-19Pu-10Zr X X X X
U-10Zr,
U-19Pu-10Zr, U-22Pu-10Zr, U-26Pu-10Zr
U-2Zr, U-67Zr, U-10Zr
U-27r,U-6Zr,U-10Zr
U-19Pu-67r, U-19Pu-10Zr, U-19Pu-127r X X
U-10Zr
U-10Zr
U-10Zr
U-10Zr
U-10Zr
U-10Zr
U-10Zr
U-10Zr

X X

X X X X >
>
X X X X xX X X X >

x X X X
X X X X X X X X X X X >

16 Copyright© 2020 TerraPower, LLC. All Rights Reserved. /_\
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Uncertainty Propagation — Core Assessment

Probability distributions developed

for key model inputs/parameters

» Coolant temperature distribution
+ FCCl wastage

» Fission Gas Release

Parameters sampled stochastically | -
. £ v - . . 0.6 0.8 1.0 ‘ 50 100 150 200 250

to determine prediction intervals for Peak Cladding Strain [%] Peak FCCI Depth [microns]

key design criteria

Coolant Temperature 120
Peak = 532.2; Mean = 518.3; Min = 497.0

10| =
§ 100
528 k]
E
80
524 =
st g
o
520 o 60
o
3 g
516 g =
of 3 &£ 40
512 8 % [
£ 20 e
508 = !
-5/ 3
e,
504 o
1 10 100 1000
500 Number of Simulations
—10f-
~10 5 ) 5 10 Mean — - Standard Deviation =====- 95% Confidence ===== +95% Confidence
N T TN TN N T TS I N T N S—
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* Rely heavily on PIRT process to prioritize testing and modeling needs
to provide high confidence in overall fuel performance

* Using a phased approach for fuel performance validation, including
validation of sub-models for key phenomena

o Account for all key phenomena in fuel performance
o Quantify uncertainties for these sub-models

 Uncertainty propagation methodology allows us to assess the
impacts of these uncertainties and tailor the fuel/core design, test
program, and/or planned surveillance program to best address the

uncertainties

18 Copyright© 2020 TerraPower, LLC. All Rights Reserved.
TerraPower
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APPENDIX F - Fuel performance simulations of swelling, fission
gas release and creep in U;Si; informed by atomistic simulations
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X7
Q"‘%j{’j Reliable. Nucl
/‘)“’ ean. hellable. Nuciear.

U.S, DEPARTMENT OF Office of

ENERGY | NUCLEAR ENERGY

David Andersson, Michael Cooper, Xiang-Yang
Liu, Christopher Matthews, Chris Stanek

Fuel performance simulations of
swelllng’ flss_lqn gas release anq . MST-8, Los Alamos National Laboratory
creep in U;Si, informed by atomistic

simulations Hales, Giovanni Pastore, Richard Williamson

|daho National Laboratory

Benjamin Beeler, Larry Aagesen, Kyle Gamble, Jason
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Acknowledgements, goal and

outline
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+ Acknowledgements: Work funded under the NEAMS ATF HIP project and
CASL (NRC pilot) — collaboration with WEC - still ongoing (but being
wrapped up) under the Joint Modeling and Simulation program.

* Goal of presentation: Demonstrate how lower length scale (LLS)
simulations can be used to fill data gaps for new fuels and be applied in
gualification relevant fuel performance simulations validated against
irradiation tests.

e

Hierarchic multi-scale modeling

Exemplified for U;Si,, but much of the methodology and most associated challenges extend
to other fuels as well, including metal fuel, UN, UC, etc.

Outline of presentation:

Background and problem overview.
DFT calculations of U3Si, thermodynamics and intrinsic Xe, U and Si diffusion.
MD simulations of species transport due to irradiation induced ballistic mixing.

Cluster dynamics simulations of irradiation-enhanced thermally activated
diffusion informed by DFT and MD.

Phase-field simulations of bubble percolation threshold.
Bison implementation of LLS models.

Application to U;Si, ATR irradiation tests.

Conclusions and lessons learned.

2 energy.govineg
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Accelerated fuel qualification and

multi-scale fuel performance

« Multi-scale fuel performs modeling and simulation refers to
engineering scale fuel analysis performed with models and
model parameters derived from a combination of experiments
and lower length scale modeling.

« Experiments and modeling are used as complementary tools
to improve understanding, model accuracy and ability to use
models for extrapolation (predictability) throughout the design
and qualification process.

— Opportunities also exist in discovery and screening space.

« Modeling should be used to derive maximum value; apply to
problems where experiments are hard/expensive or where the
additional understanding helps qualification.

* Integral testing for validation is still going to be critical, but
multi-scale fuel performance may help develop a smaller test
matrix.

|

energy.gov/ne
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U,Si, as ATF for LWRs

w &
o (=]
L
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I

Thermal Conductivity (Wm'K™")
N
o

0

U,Si, is one of the concepts proposed as Accident Tolerant or
Advanced Technology Fuel in response to the Fukushima accident

and economic drivers (WEC).

High thermal conductivity reduces temperature of pellet - less
energy stored and increased coping time during an accident —

possibly lower fission gas diffusion.

Higher U density gives economic benefits.
Oxidation is a concern upon cladding breach.

The simulation approach would be similar for other fuels.

High U3Si, conductivity

203040 50

i

U;Si, phase diagram

%0
-

Lx10°(WaK?)
P

T T T T T T T
273 473 673 873 1073 1273 1473 1673 1873

T(K)

Temperature, °C

“c

1320°C

—(si)

asiUy

uan @
9

U,Si, crystal structure
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Development of atomistic models for U;Si,

« Adata poor fuel: -
—  Less operational experience than doped UQOs;. "“"f""
—  More material properties will be different relative to standard fuel.

«  Study of self-diffusion, point defect mobility, and fission gas diffusion has
relevance to:
— fission gas release,
— swelling,
— and creep models for UsSis.
« Like UO, bulk diffusion in U;Si, has three regimes (D4, D,, and Dj)
—  The same methods that work for UQ, are being extended to U;Si,.
* Investigation of grain boundary diffusion as input to creep and swelling models. <

10 ] % I
104 /T (K )

+  Results inform engineering scale fuel performance models in Bison.
U;Si; creep model, developed by Metzger (UofSC)
Fission gas in the grain W s s ST QAR Tl
No Yes
aCf D 10 2aCr + Yf'
—_ i is Athermal & T :
or 129, \" or +B o o
| I, Tn =
; . lm'm BUbble growth at Wﬂﬂ:"limw;:lm l bﬂlﬂifvmblvmnd::vhn: m:ﬁmaaan“:
A grain boundaries & = P Db’ o= At Py
dn, (21D,3,) pe, . i
—_— —-", — D=0y, @ 0. 45T, A =40 An,mBx10"
dt krs PP gty R Y Ao
e Botomarm o e i Toumoumare
T=temperalure (sel to 872K since. | b= burgers vector by :__‘_:----—4-‘-
il .a:nmmoun:“w'&m 3703 0 Tsmmavg=0.séom
[irepopely e - Snaa Hodus (£0GPa)

5 energy.gov/ne
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Modeling point defects, self-

diffusion and Xe diffusion

GA-A29408

= * DFT to calculate defect formation and migration energies. FORAGISED, A, AUEFSSEn, &L al,
O Density functional theory calculations
2 — 2x2x3 supercell, GGA+U to stabilize the U3Si, crystal structure. | of self-and Xe diffusion in U5Si,”, J.
= . Nucl. Mater. 515, 312-325 (2019).
s ° DFT to calculate phonon spectra and defect entropies.
‘8' — Finite displacement method with 2x2x2 supercell.
% — Only the most important attempt frequencies for diffusion were calculated.
'§ * The tetragonal crystal structure of U;Si, means that the diffusivity is a tensor property.
=% Defect concentrations from formation The components of the self-diffusion tensor
energies and entropies (dilute limit): calculated by summing over all possible
pathways: :
EAB‘fZE(AB,N:I:].):FeB—E(N) Y
2 Sap,s=S5(Ag,N+1)¥sg—S(N)
(=2
o Fap.s Efym
% CAp = ZAp €XP (—Fﬁr-) DgzguAqu‘B‘oexp (— I:;T ) | o E,
o ° Xe trap incorporation energies, <
£ vacancy-trap site binding . =2
[ . . Q
= energies and barriers for " E
2 interstitial and vacancy assisted e =
5 migration mechanisms calculated DR, = YXex XeWVaMxex,var & Ted?
= ;
= from DFT. X . @ g @
= = F e E ex ,m '
*  Entropies from DFT following the exp (ﬁﬁ) Df.y 0 exp (~ - ) Qs il TS
approach for point defects. :o

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document

F-7



Defect concentrations from DFT

« High concentration of Si interstitials predicted from DFT
(energy+entropy)?, even higher non-stoichiometry than in

Middleburgh et al.2

14)

9]
« Non-stoichiometry disagrees with the available phase g
diagram, but recently confirmed by neutron diffraction :-;
experiments on U3Si, g42. -
*  Non-stoichiometry of U3Si,,, matters, because of burnup
evolution.
-stoichi i i1 .
»  Non-stoichiometry in UsSi,"  pefect concentrations and non-
: H ¥ s 111 ”
- I e S .. Sy S g stoichiometry in “nearly
e 1900 iquid+ U,Si; . . . .
K stoichiometric U5Si,
: 1700
E s ¢ [ —tnag oo
w 1500 REE e oy g
Q2 = i ii:;:;f::::+ - i < " 095
8 g == Rk egﬂ::-:: &
s [ ety X% . A = &
g %0 E 15 | xU2a vacancy‘ s S X ¥ ; i ,2_95?:
~g=2 + U 4h vacancy . x =
© 700 pugsi 4 Sivacancy . E’
E +UySi; 50 = Uinterstitial i 5 ® e
[=) S0 B Sjinterstitial .
: +Uanu‘sit.e *
»n - g5 @ Non-stoich. . P
[ = 037 038 039 04 0.41 0.42 043 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 0.0018 0.002
_‘g Stoichiometry (Si/(U+i)) 1T [1/K]
©
= | 2S. C. Middleburgh, et al., “Non- D. A. Andersson, et al., “Density functional
Q | stoichiometry in U;Si,”, J. Nucl. Mater. theory calculations of self-and Xe diffusion in
Q- | 482,300 (2016). U,Si,”, J. Nucl. Mater. 515, 312-325 (2019).

Experiments

Weight Percent Uranium

a0 0 @ " 0 100
18005 1770°C
1720°C_ —T
1600 /{ 1580°C N\
1520°C 1560°C
14 C
1400
1320°C
m
12004
13sC
1000
=2 - “
2 iz o| Z2f ssiv;—» (U)—»\
00 g @ |F & x Frec
o8 (Si) ™C lﬂ”’* “8C
i}
Lasoe
00 i .
| o (o) —»]
Y 2
200 ”—;li %’
:
0 10 £ % % 0 0 70 %0 % 100
Si Atomic Percent Uranium 6}
Neutron diffraction by T.L. Wilson et al.3
o] = Coeised @ | = (b)
g gf* 1 UsSk i
3 = oiscee 3
i R
3R 3.
1 i ! :
1 { 21 i1
3 PR NT AT 2 ol b
= " N
% ] 3
D-spacing (A) D-spacing (A}
ar © 13 (@
izt 3 3
i f.
3l Sl
&2 & o
{ it TR
1s
i3 e 2 ol e AU U]

100

6 e 7% £
D-apacing (A}

3T. L. Wilson et., 8.C. Vogel et al.,
“Temperature-Dependent Crystal Structure
of U4Si, by High Temperature Neutron
Diffraction”, Materialia (2020).
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Intrinsic Xe and self-diffusion from DFT (D,)

» Xe diffusion? . Self-diffusion’
-15
5| e
‘"Tr}}"‘ 20 _
20 A teas SR = -
. RS 8 Si interstitial (aafbb)

-25

L] ®

L ]
Total Ua% o

log (D% [m?/s])
log(DR,[m?/s])
Ll

8 30 |-m .
"  Total intrinsic Xe aa " a . . : 12::} ;jic;a . & Uvacancy (CC)
® Total intrinsic Xe cc . e -35 X Tc‘ﬁﬁff-gh) L
-30 | A Intrinsic UO2 (exp) 4 5 —— Total i i Tn__ 5
i lrrad‘rét\::ln“ulﬂlfg::} a ; sl - jx:[;?ﬁ.x; ° . . Si vacancy (cc)
+—Total int .rsc)(LEvghi N =~ Total Si (low) =
. Total intrinsic Xe (low) . n M ; i‘?}gf;;e;f;"‘uo'?nuggz .
0.0006 0.0008 0.001 0.0012 0.0014 0.0016 0.0018 0.002
1/T[1/K] 0.0006 0.0008 0.001 0.00j{Z [ ;).(])014 0.0016 0.0018 0.002
1/T[1/K
U, aa/bb Si, aa/bb
AT a® a8 a® 0 . s\ R
gq. Q® ?q. o | R’ “\s ¥ ‘\s. .o
TR AT N LS 1 4% L g
% Q% 4% o2 Lol o¥ LY
tia®a¥ qn . Gt y R}
% % 9% o® o0 eTatyd ‘\\%5
Y I I DA I \,}’% Sl

Xe diffusion in ¢ direction is U vacancy assisted. Self-diffusion due to highly anisotropic interstitial

G s : mechanisms.
Xe diffusion in a-b plane is Si vacancy assisted.

Very low barrier for U,.
Intrinsic Xe diffusion is higher than in UO,. ery low barriertor L

'D. A. Andersson, et al., “Density functional theory calculations of self-and : HI h Concentratlon fOr SI :
Xe diffusion in UsSiz”, J. Nudl. Mater. 515, 312-325 (2019). 3 energy.gov/ne
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Athermal diffusion in U3Si, from MD (D5)

GA-A29408

Electronic excluded for U;Si,
Important for UG,

Ballistic included for U;Si,

40 !
5 4 ! I
ez B == r m UO2 electronic m UO2 ballistic
x
—E 30 4 % 2 L = B3 U3Si2 ballistic
2 % > 1
> 254 N TR e e r £
= T(K) o
Y 1 L = 10
o
8 o oo a0
O 154 09 r v
© 3 d 09° P g 8 4
% 10 S5 e T | L &
= Lol L
s1— 1 — g
® kb L 44
0 T T T —— T T E
273 473 673 873 1073 1273 1473 1673 1873 °
= 2
T(K) *
o
Fig. 6. Calculated thermal conductivity data for U;Si; as a function of temperature v 0 Jd
to 1773K collected in this study (0). Reference data from Shimizu [17] is =

represented by (O), (), and (/). Literature values for UO; (+) are included from (o] Kr Xe u Si
|26]. An inset is provided to compare the expected Lorenz values (—) with
calculated values (—).

White et al., J. Nucl. Mater. 464 275-280 (2015)

Species

High thermal conductivity in U;Si, means that heat deposited electronically is dissipated
before it can melt the lattice — 90% of the energy fission is removed in this way.

All atomic mixing is assumed to come from ballistic stopping (10% of fission energy)
The ballistic part is similar to the same contribution in UO,, but much lower than

transport due to electronic stopping (thermal spikes).
[2] Beeler, Baskes, Andersson, Cooper, Zhang, J. Nucl. Mater., 495 (2017) 267-276

9 energy.gov/ne
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Cluster dynamics model for irradiation

enhanced diffusion (D)

) sink + U; & sink + V; 1

« Using the same FECD framework developed . gl ' 1
] . sink + Si; & sink + 'V, (2)

by Matthews et al.? for cluster dynamics on s -
UO,, a CD model is developed for U;Sis. S”'k +VU bis ””k+ ; 1 (3)
. . sink + Vgi & sink + Sig; 4
« Parameterized using the DFT data from > 2 @
Andersson S g )
* Assum ti0|.13' St P it ©)
MPHONS. | U, + Xeg & Xe, + Uy 7)

— Given that the two U vacancies have the same

migration saddle point they are both described using Vit Xey & Xej+Vy (8)
only the more stable 2a vacancy. Ui+ Xeyy o Xeg+ Uy + V; (9)
— Anisotropy in diffusion is treated by taking the fastest Xe,y o Xey + Vy (10)

direction and modifying the number of dimensions in ST 1 X X S
pre-exponential of diffusion coefficient. ol - i Wl (11)
— Anti-sites have been omitted to reduced the number of Vi + Xegi & Xej + Vs (12)
solved defects and coupled ODEs. Si; + Xepsi <> Xes; +Sigi+ Vi (13)
' . XeZSi (—>X65,'+V5i (14)
Solved point defects: U;, Vi, S1;, Vs;, Xe; Xeysi « Xesi + Vy (15)
%olved(;:lustfer[s]: ng,Xes,-,Xer,Xezs,-,XeUSi oy w4 Ve (16)
SPERLCRE L ol Si; + Xeys; © Xey +Sisi + Vi (17)
1C. Matthews et al., “Cluster Dynamics Simulatian of Uranium Self- Ui + Xeysi & Xes; + Uy + 'V (18)

diusion During Irradiation in UG, J. Nucl. Mater. (2019).

10 energy.govine
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Irradiation enhanced self-diffusion (D)

Concentrations of U and Si defects: Self-diffusion:

»  No enhancement of U or Si interstitial + Noenhancement of U or Si interstitial diffusivity:
concentrations — still high at thermal — Highly mobile U interstitials are now fastest.
equilibrium. «  Enhancement of Vg, and V,, at low T.

+  Enhancement of Vg, and V|, at low T. +  All self-diffusicn coefficients are wiped out by

«  Very high Vg; concentration as approaches athermal Dj.
expt. critical amorphization T.

107

-
c 10715 » ' '
ke
B )
€ 107 | a
6 £ 102 D,
2 =
by >
a 5 10-31 1

1 015 T ) N 1 0-39 . r

0.0005 0.001 0.0015 _ 8 CCQS 0.001 0.0015
1/T (1/K) I Expt. Amorphization Temperature [1] I
1T (1/K)
[1] Birtcher et al. JNM 230 (1996) 158-163
1 energy.govine
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Irradiation enhanced Xe diffusion (D)

Xe concentrations (normalized): Xe diffusivity:

*  Xeyg defect concentration enhanced due to »  As before only Xe,g diffusion is enhanced.
higher V; concentration at low T. »  However, is much lower diffusivity than for

»  All other defects are unaffected by irradiation. Xe,, or Xeys which are at equilibrium.

+  Fastinterstitial defects are thought to «  Furthermore, athermal D, diffusion
recombine with Xe|g and Xe, driving them dominates over D, .

back to equilibrium despite enhanced V.

==
10°, Xeysi
Xe I T
5 : & 107 o
£ £ . Xeyrf| °
§ 107 o =
S 5 10%, -
o s = o [ Xe2si
Al " Xeasi - ' Xei| e
O ] @Q 10384
101 . .
0.0005 0.001 0.0015 0.0005 0.001 0.0015
1/T (1K) 1T (1/K)
12 energy.goving
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Bison implementation of gas and self-diffusion in

U,Si,

DFT used to describe the high T Molecular dynamics simulations of
intrinsic regime of diffusion (D,) athermal diffusion (D3)

Q?‘;%‘( Thermally activated ’ 5 e?é': Atomic mixing during

a® 48 diffusion of point defects A a"}":}‘;:(' . damage event

* »° ¢ Anisotropic due to non- g e Homogeneous process

. ®

' - % 55 : .
Migration IM““Naycublc structure of U3Si,

Displaced atoms in cascade

Andersson, Liu, Beeler, Middleburgh, Claisse, Stanek,
J. Nucl. Mater. 337 271-278 (2018)

Voo E— Vel ——————— Predicted fission gas diffusion
o) s o] -~ peruinus;, | and self-diffusion coefficients for

& — Do = : — p,frsinusi| UqSi, (comparison is made with

£ 1074 » 2 £ 101 - DforsinUsi | |y )

z = D for Uin UO, 2)-

3] 70 Significant anisotropy for self-

s 16 710" diffusion.

"o - 23 15 N Analytical expressions for
17 - o= implementation in Bison for Xe
10-(2)‘70002 0.0b12 0.(5022 0.(.)032 1()(-32.40002 0.0012 0.0022 0.0032 and SI Vacancy dlfoS|on

1T (1/K) 1T (1/K)

~2.92 N | P Pa— 7 7y
DU35i2 :2.95X10_4exp( kBT )+3.58X10_42P D=940x10 ~exp( kBT )+301X10 -F

energy.gov/ne
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Mesoscale simulations for U;Si, (L. Aagesen, INL)

« Fission gas bubble dihedral angle, U;Siy/gas
surface energy determined from MD

calculations of surface and grain-boundary | IR AN
energies (B. Beeler, M. Baskes, D. Andersson, = NAY/ v \
M. Cooper, Y. Zhang, JNM 514, 290, 2019). Ly

« Used Marmot simulations to calculate grain Saor e R
boundary coverage at saturation (F q4): L . . L

— Fgsa = 0.94, much closer to observed
experimental value for UO, (0.5) than theoretical
value that was previously used (n/4).

— Considered effect of minimum spacing between
bubbles and other parameters by sensitivity
analysis.

« All implemented in the Bison fission gas model

— Large impact on Bison fission gas release and
gaseous swelling predictions.

14 energy.govine
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Grain boundary self-diffusion

Diffusivity (m2s-1)

U diffusion at grain boundaries

1T (1/K)
0.00055 0.00065 0.00075 0.00085
1.00E-09 & 1
1.00E-10 o -
BOUREILH —&— UxGB no defects
1.00E-12
—=— Uy GB no defects
1.00E-13 + =
~ —=— Uz GB no defects A
1.00E-14 4 S - fé‘
o —— Ux GB 0.34% vSi —
1.00E-15 - = >
~ " -
1.00E-16 A T Y Uy GB 0.34% vSi E
~ — B =
1.00E-17 o b s —— Uz GB 0.34% vSi g
1.00E-18 o T~ ——DFTiU_aself-diff sto
1.00E-19 A — — DFT vU2a_c self-diff «
1.00E-20 4
1.00E-21

Classical MD simulation of diffusion at a 530 tilt grain
boundary.

Slightly higher diffusion for U at grain boundaries than for Si.

Diffusion at grain boundaries is approx. 6 orders of
magnitude higher than vacancy diffusion in the bulk lattice,
although with weaker temperature dependence — this
validates current assumption in BISON.

The addition of vacancies to the grain boundary was
predicted to have negligible effect on the diffusivity.

15

Si diffusion at grain boundaries

1/T (1/K)

0.00055 0.00065 0.00075 0.00085
1.00E-09 - +

1.00E-10 +
1.00E-11 A
1.00E-12 4
1.00E-13 4
1.00E-14 4
1.00E-15 +
1,00E-16 o
1.00E-17 o
1.00E-18 4
1.00E-19 4

1.00E-20

~—&—Six GB no defects
~—Siy GB no defects
~=—Siz GB no defects
—{3— Six GB 0.34% vSi
~—+— Siy GB 0.34% vSi
—i3— Siz GB 0.34% vSi
— — DFT vSi_a stoich
~— — DFT vSi_c stoich
——— DFTiSi_a stoich
~ DFT iSi_c stoich

energy.gov/ine
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Atomic scale diffusional U;Si, creep model

Nabarro-Herring creep Coble creep
« Using the bulk diffusivity of Si interstitials (faster « Using the grain boundary diffusivity from classical
than Si vacancies but slower than U defects) the MD the Coble creep rate is predicted using the
Nabarro-Herring creep rate is predicted using the following equation:
following equation:
420.Q) )
¢ = _52 D . 420,Q0
E=—T—"
kB Td kB Td 3
Similar approach to Metzger but with atomic scale diffusivities
Coble > NH Creep gives significant improvement compared to Expt. from USC
New model validation
10-6
10-8 | ° . ' o0 ® ®
1014 i
1020 o 107104
o ® L]
E 1026 4 — a
oy b —y7 ® New model
§ 10732 i g o " e oo i ® ® Metzger
107334 g 10_14_ @
1044 ’
10716 4 3
10-5() 4
0.000 0.001 0.002 0.003 0.004 0.005 lo~t® ¥ !
yT 10 1077
Experimental creep rate
16 energy.govine
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U,Si, material and behavioral models in Bison (K.

Gamble, INL)

— Bison
©  Antania et al. (2018)
0 Wite et al. [2017)

« Bison contains the following |
material and behavioral models for : v

nt (<10-5K-1)
S
i
/]
1
i
15
el
d !
o,
i
I
i
]

o
i
I H
g
1
1
]
o

';g . % Mohamad et al. (2018)
g 25 &  shimizu Arc-Cast (1965) e
£ —— a S 4 Shimizu Induction-Cast (1963) y'_tﬂ
- " 3 = zs" 20
U,Si, (from best available source, :..
5 é 15
experiments or modeling): A
= == Lach et al. (1956) ’E
- £ ., | = Taviorand Mchurry (1361} 5
— Thermal Properties T -
3 oo a T T - T T v T
L] L] 00 600 1000 1600 o 250 300 750 1000 1250 1500 1750
« Thermal Conductivity e
(4 Options + deg rad ation) Model Range of Applicability Uncertainty
. . Thermal Conductivity I13<T<I500K +18.2 %
) Spec|f|c Heat (2 opﬂons) Thermal Conductivity Degradation 390 <T < 1190 K +10% Intra.
0<G < 160 K/mm +10% Inter.
— ici 0 < f £2.5755x 10* fissions/em’
Elasticity
Specific Heat 293 <T< 1500 K +3%
. Porosity dependent You ng’s Young’s Modulus L3 <p=<10% +29.1%
4 Shear Modulus 1.5 <p=<10% + 26.8%
Shear moduli Creep 300 <T < 1900 K + a factor of 1.83
T g Thermal Expansion 2713 <T<1473K (16.0+£3.0)x10°°
— Thermal and Irradiation Creep Solid Swelling All burnups +20 %
. Fission Gas Release Normal Operating Conditions See SAand UQ
(2 Op’[lonS) Gaseous Swelling Normal Operating Conditions See SAand UQ
Densification Normal Operating Conditions Needs Further Work

— Thermal Expansion
— Gaseous Swelling (3 options)

— Solid Swelling LLS results available to inform

_ Densification Bison, being implemented
— Fission Gas Release . .
» Stoichiometric and Si-rich Informed by LLS simulations
17 energy.govine
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Validation of Bison (U;Si,) against ATR experiments

«  Two U;Si, fueled experiments with ZIRLO™ (WEC)
— ATF-13 R4 filled with helium

— ATF-15 R6 filled with helium/argon mixture

 Available data includes:

— Fission Gas Release
— Fuel axial elongation (inferred from neutron radiographs)

— Clad profilometry

_~— Capsule top end cap

.~ Gas plenum region
i /%))~ _— Fuel pin top end cap
~— Fuel pin assembly

= | (material per programmatic
< B requnremenls?

ATF Test Capsule Design
Nominal Dimensions

024 Rodlet Wall
™ / 028 Capsule Wall ’
vl 6.160
ﬂ 327 Redlet 1D

/q: 374 Rodlet OD

\ . —.376 Capsule ID
| =—.432 Capsule OD i
Bison
‘\Rad ial gap of 0.0010 radially can = g geometry USEd-

be adjusted based on desired clad & .
temperatures (programma tic ~— Stainless steel capsule
\ decisions on a case by case basis) 1
1

,:,;:f;\ S Fuel pin bottom end cap Axial direction
__Rodiet __— Gap per programmatic requirements. e
. \ scaled by 0.5.

e SR A o Dimensions in inches "~ Capsule bottom end cap

7 ATF fuel

18 energy.govine
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Validation results

» Using the nominal models Bison underpredicts swelling for R4 and
overpredicts for R6.

Swelling predictions for different gas diffusion models

25 P 5
]

..... FGR, JNM 2019 mode!

w
o
L

e, ] ~ = = FGR, new D (stoichiometric)

—— R6 Fy ,"'- == FGR, new D+ SatCov
{4 /

P~
w
L

: i i = = FGR. new D+ SatCov + Srfén
i / L
——— FGR, fully updated model

=== Swelling intra-granular, JNM 2019 madel

B
o

== === Swelling grain-boundary, JNM 2019 model

= =mm= Swelling total, JINM 2019 mode!

15

w
w
L

= = = Swelling Intr

nular, new D (stoichiometric)

- = = Swel boundary, new

= = = Swelling total, new D [stoichiometric)

w
o
L

~ = Swelling Intra-granular, new D + $atCov

— - = Swelling grain-boundary, new D+ SatCov

Fission gas release (%)
Gaseous swelling (%)

N
wv
I

=« = Swelling total, new D + SatCov

— — Swelling intra-granular, new D + SatCov + SrfEn

N
o
L

= = Swelling grain-boundary, new D + SatCov + Srfén

0.5

— — Swelling total, new D + SatCov + SrfEn

Linear Heat Generation Rate (kW/m)

=
wv
-

Swelling intra-granular, fully updated model

Swelling grain-boundary, fully updated model

—— Swelling total, fully updated model

0 50 100 150 200 250 0 ‘ , - —
Time (Effective Full Power Days) 2 4 ¥ Tm oy 2§ 8
Time (years)

Bison comparisons to ATF-13 R4 and ATF-15 R6 PIE data
Bison R4 Experiment R4 Bison R6 Experiment R6
Fuel Elongation (mm) -0.0784 0.0 0.0128 0.0
Fission Gas Release (%) 0.0 0.06 0.19 0.06

19 energy.gov/ne
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Sensitivity analysis and uncertainty quantification

(K. Gamble, INL)

» Using the uncertainty defined in the individual material models,
perform an SA and UQ analysis on the ATF-13 R4 case.

Parameters varied in the sensitivity analysis and uncertainty quantification

Parameter Nominal value Scaling factor range  Distribution
Thermal conductivity (W-m~'K-T) See Equation‘29 [0.82; 1.18] Normal
Coefficient of thermal expansion (K~') 16.0x107° : [0.8125:1.1875] Normal
Young's modulus (GPa) See Equation |39 [0.709; 1.291] Normal
Shear modulus (GPa) See Equation 40 [0.732; 1.268] Normal
Solid swelling (/) See Equation |68 [0.8; 1.2] Normal
Nucleation factor of intra-granular bubbles (/) 10-6 [1073; 104 Uniform
Re-solution rate of intra-granular bubbles (s™') 2801073 (5-107'9/R,, )2 F [0.1:10) Uniform
U, Si,/gas specific surface energy (J-m~2) 1.7 [0.5;1.5] Uniform
Inter-granular diffusion coefficient of vacancies (m-s=2) 106 - Dy, [1072:10%) Uniform
Initial number density of inter-granular bubbles (bbl-m=2) 2 - 102 [1073;10%)] Uniform
Semi-dihedral angle of inter-granular bubbles (deg) 72.9 [0.5; 1] Uniform
Saturation coverage of grain boundaries (/) 0.5 [1;7/2] Uniform

Bison comparisons to ATF-13 R4 PIE data including +20

Bison Stoichiometric Bison Si-Rich Experiment
Fuel Elongation (mm) -0.135t0 0.132 -0.1305 to 0.0567 0
Fission Gas Release (%) 0.0to 1.412 0.0 to 0.902 0.06
20 energy.gov/ne
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Doped UO, fission gas diffusivity model

Hypothesis is that Cr,O4 to Cr reaction governs oxygen potential in doped UO, CD model calibrated to Besmann data
0
——U0,,, (Besmann) g
2 W—UOZ (Besmann) lo -0.437 -1.002
<4 = U0, (Besmann)
z 4 Cr,0,to Cr (Expt) Vo 0.337 1.002
=
5 6 Stoichiometric Vy -0.674 -2.005
E_ " U0, (original)
s |— —Undoped ly 0.674 2.005
. ’ applied buffer
g rignal). h 0.136 -0.366
Stoichiometric
12 i U0, (new)
- e 0.614 0.366
E: lied buffe
e 1000 2o ew EmgVu  -0.338 0
Bourgeois et al., J. Nucl. Mater., 297 (2001) 313-326 Tempenature:(K)
Enhanced Xe diffusivity New enhanced diffusivity equation for use in Bison FGR model
10715
AH; | 1 1 AH, | 1 1
Ddoped =exp et i e D;mdoped +exp a1 D;ndoped i D?L:nd'aped
~ 1016 kB T T1 kB T TZ
»
s where T, = T, = 1673 K, AH, = 0.316 eV, and AH, = —0.684 eV. Model
= . . made
B s > ifa677r1 ifab77r5 :
é’ 10 = Moasured (on-ine) [ Moasured (on-ine) avallable
B 10 1 | et i e craio b Mt b oo 31| Smoswnamettat a0 el o ity to MIT IRP
=== BISON with multiscaie coupling for diffusivity, upper it case = BISON with multiscale coupling for diffusivity, best-estimate case
. 5 i .|| team (K.
Undoped Doped 71| Shirvan)
101 . . : :
0.0004 0.0006 H - 7 for
UT (1K) £ J,;__:--"’ additional
5 -
——D, fit Raw data M = testing.
D, fit Turnbull model
S Mg S P hmm e,
Turnbull et al., J. Nucl. Mater., 107 (1982) 168-184 P (i
21 energy.gov/ne
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Summary and conclusions

« Demonstrated application of a hierarchical multi-scale simulation
approach for U5Si,:

— Relied on DFT calculations, MD simulations, cluster dynamics and phase field
simulations.

— Informed engineering scale gas release, swelling and creep models in BISON
(hierarchical information exchange, no concurrent coupling).

— LLS informed models are combined with empirical models derived from experiments
to complete a Bison U3Si, simulation capability.

— Bison simulations of ATR U,Si, irradiations compare well with experimental data.
— UQ and SA are important tools for guiding development and assessing results in a
gualification context.
« Although exemplified for U;Si,, methodology, challenges and lessons-
learned are expected to extend to other fuel types as well.

« Multi-scale modeling and simulations are a valuable tool to develop
material models where experimental data is missing and
difficult/expensive to acquire — provides valuable understanding.

« M&S work must be performed in parallel with experiments for both “fine-

calibration” and validation based on rigorous UQ.
22 energy.govine
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APPENDIX G - TCR fuel design and development towards qualification
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AFQ Case Study:
TCR fuel design and development
towards qualification

Jan le=2012

Kurt Terrani
Transformational Challenge Reactor
Technical Director

Contributors: B. Betzler, Brian Ade, D.
Scappel, J. Weinmeister, Luke Scime

U.S. DEPARTMENT OF

ENERGY

ORNL is managed by UT-Battelle, LLC for the US Department of Energy
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Outline

 What is the Transformational Challenge Reactor demonsiration
programe

 AFQ approach and application to TCR core design and
development

« Concluding thoughts

g,OAK RIDGE
" National Laboratory
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Whatis TCR¢

QOAK RIDGE

National Laboratory
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TCR targets rapid demonstration of advanced manufacturing
to build and operate an advanced nuclear core

Exercise the National Muscle Demonsirate Technology
Regulator g \
y v 0;« L SO
Advanced Advanced
Design Materials
Distrioute Accelerated
Industry ___ Sensing Qualification /
Feb Feb Feb Jan
2619 Phase | 2021 Phase |l 2023 Phase Il 2025

g,OAK RIDGE
" National Laboratory

Nuclear Demo
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The TCR core design is inventive and seeks
to bring to bear the latest advances in &
manufacturing, materials, and
computational sciences

« Compact (<0.4 m3), highly
optimized, and inventive core
design

« Resourceful with HALEU (<250 kg) -~ a8

e Fueled with uranium nitride in
silicon carbide

Reactor Protection System

Vessel

Core
Reflector

®— Biological Shield

* Moderated with yttrium hydride

Axial Reflector

e Cooled with helium

%OAK RIDGE
National Laboratory

Control Shroud Coolant Inlet/Outlet
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AFQ approach applied to
TCR core development

OAK RIDGE
National Laboratory
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An accelerated scheme for nuclear fuel (core)
development and qualification

Operational and p e
environmental envelope Leverage lower length scale experiments Fuel system specification

‘ I Quantify impactful parameters and !
: identify unaccounted phenomena :

Bassic irradiation

effects Integral fuel fabrication

Integral fuel

Separate

Eeisutice effects testing

o analysis Intfegral fuel iradiation and
Equilibrium transient testing

thermodynamics

—

I Identify governing phenomena and !
I impactful parameters :

Licensing basis

Identify suitable Leverage lower length scale modeling
constituents for the fuel systems

Phase | Phase Il Phase lll

OAKR K.A. Terrani, N.A. Capps, M.J. Kerr, C. Back, A.T. Nelson, B.D. Wirth, S.L. Hayes, C.R. Stanek, *Accelerating Nuclear Fuel Development and
%N,&EILEE?EE Qualification: Engineering-Scale Modeling and Simulation Infegrated with Separate Effects Testing,” J. Nucl. Mater., submitted (2020)
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Phase I: Informed Constituent Downselection

Equilibrium thermodynamics assessment

fuel compatibility with coolant
matrix/cladding compatibility with coolant
matrix/cladding compatibility with fuel
Fission product fate in fuel

Define Identify

environment

Fuel and

temperature matrix / incompatible compatible
cladding
dose regime option Basic radiation effects assessment

Spanning normal
operation and
postulated accidents

Neutron irradiation damage in cladding
Fission product radiation damage in fuel

Flowing He gas HE 4r-d-éstalalessstesl
or
300-600°C UN TRISO in SiC
(<1000°C transients) 1
Few tens of dpa Yttrium hydride moderator

% OAK RIDGE

National Laboratory
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Xin UC, N,

Phase |: Informed Constituent
Downselection

» Fuel/matrix/cladding compatibility with coolant
+ Matrix/cladding compatibility with fuel

+ Fission product fate in fuel

» Neutron irradiation damage 75|
+ Fission product radiation damage in fuel +  Besmann et al. (2012)

4.2 44 4.6 a8 5 5.2 5.4 5.6
10000/T(K)

-6.5

Log pressure N, (bar)
&

HFIR Irradiated

~460°C, ~0.7% FIMA

fast fluence (E > 0.1 MeV): 3.2x10% n/cm?
& power-per-particle 120-545 mw
_ power density 450-2030 W/cm3

e = Terrani et al. (2020)

%OAK RIDGE

National Laboratory
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Phase I: Informed Constituent
Downselection

« Fuel/matrix/cladding compatibility with coolant
* Matrix/cladding compatibility with fuel
 Fission product fate in fuel

+ Neutron irradiation damage

 Fission product radiation damage in fuel
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Phase lI: iteration of engineering-scale modeling and
simulation tools combined with separate-effects testing

Set

e\ Integral fuel |criferiaintegral fuel
aulics performance design
d‘: criteria met |specification

Produce

é Define é Perform Identify
Geometry and @ Engineering prgsgr?ilggnognd
Sy \ configuration scoleﬂijrglegrol phenomena
matrix / .
cladding Compile performance Rank
material(s) ( Thermophysical analysis
properties High § High
- - Low High || G
) A prioritize o
Rates of irradiation- Perform £
. ,-—-—»| driven phenomena Low i Low |-=
inform} \ update| Separate Low i High
Lower length scale e —— effects —
modeling to decipherje======- festing uncertainty
mechanisms
[ Integral test facility(ies) preparation
%OAKRIDGE

National Laboratory
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Defining geometry and configuration — start with design

rules Temp (K) ~ ~1500 Y-shaped elements needed
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Thermophysical properties database developmen’r
and ranking s

Property SiC Can and Fueled Region
Thermal Conductivity Moderate

Interface HTC Ratio -

Coefficient of thermal expansion Moderately Low

Swelling High
Elastic Modulus Moderately High
Poisson’s Ratio Low
‘, _
¢ —
© 0o . °oDg
] oy Irradiation
Capsule ID temperature
400°C
650°C
900°C
400°C
650°C
; 900°C
#O0AK RIDGE e LA CVI SiC matrix
National Laboratory
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Learn and answer questions: do | need to discretely
model the particlese
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Learn and answer questions: “does TRISO pop like popcorn
under an RIA?"” - “When particles touch fuel failsg”
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Separate effects testing to inform dose and temperature
dependent phenomena

Advanced manufactured 316L

Capsul Iradiation Dose Material
e ID temperature | (dpa)
YHXTO1 600°C 0.1 YH, 72
YHXT02 ]
YHXT03 2
YHXT04 900°C 0.1
YHXT05 1
- YHXT06 2
Bstierial YHXTO07 | 600°C 0.1 Ve
YHXT08 ]
GICRO1 300°C 0.2 Wrought 316L and YHXT09 2
GICR02 2 3D-printed 316L YHXT10 900°C 0.1
GTCRO3 8 (as-printed, or mim ;
GICRO4 600°C 0.2 printed+650°C or
%9{“&8{0‘1&35 GTCRO05 2 1050°C heat
GICR06 8 treatment)
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High quality property handbooks are key in informing

model
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Separate effects testing to inform burnup and
temperature dependent fuel constituent behavior
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Separate Effects Transient Testing coupled with
Modeling inform Integral Fuel Simulations
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Phase lll: minimal integral fuel testing to verity models
and capture (if any) unaccounted integral effects

unexpected failure

Integral Integral Fuel Irradiation
Fuel

Design

Integral fuel
fabrication

Transient
Testing

Transient
Testing

Test facility(ies)
preparation

High Burnup

Data

Low Burnup
Data

fuel performance
rediction from modeling

[ Testing conditions and
P

OAK RIDGE
National Laboratory
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Concluding thoughts

QOAK RIDGE

National Laboratory
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Engineering-Scale Modeling and Simulation
Informed by and Integrated with Separate-Effects Testing will
Greatly accelerate Fuel Development and Qualification

« TCR is building on the full breadth of the national capability and
complex to deliver on its mission

* Modeling tools (e.g. NEAMS) are mature and knowledge of
fuels and materials behavior (e.g. AFC/AGR/ART) are ample to
facilitate an informed AFQ process (methodology + dataq)

« TCR demonstration will benefit the entire community and deliver
new technologies and approaches for industrial adoption

fcr.ornl.gov
%9{\K RIDGE

nal Laboratory

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document

G-24



GA-A29408

APPENDIX H - Feltus AFQ Workshop Il Jan 2020 Presentation
on TRISO Fuel Material Properties Study
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Evaluating the importance of
TRISO Fuel Materials Properties for
Irradiated Fuel Performance Analysis

Dr. Madeline Anne Feltus
Office of Advanced Fuel Technologies, NE-42

,.13{' z ""‘fx% U.S. DEPARTMENT OF

' ENERGY AFQ Workshop Il Jan. 16, 2020
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Importance of TRISO Fuel Materials Properties for Irradiated Fuel Performance Analysis

Overview

* |dentify the material properties that have the largest impact on the

failure probability of tristructural isotropic (TRISQO)-coated fuel N 11y,

particles under irradiation. & -
* Most material constitutive properties were obtained from historical p,.i;?;ment -

TRISO experimental data, some with large variability. :'ue; par'gz’fo gnal

es

¢ The NE AGR TRISO Fuel program is evaluating the adequacy of the AR Ume Used in

historical material properties data, and need to generate new data. Wilign,

laise B Skeffanc
* The PARFUME TRISO fuel performance code was used to assess the P Colin
importance of material properties on the probability of silicon carbide

(SiC) layer failure.

* Although many (20+) material properties are used in PARFUME, only
a few of them have a significant impact on the SiC failure probability. )

* The most important properties are Pyrolytic Carbon {PyC) irradiation Hoho Ao
induced creep and strain (shrinkage, dimensional change). Iaborafo,;"’”"’

Algust 29,

References:

+ Skerjank, W., B. Collin, INL/EXT-18-44631, Rev. 0, Aug. 2018.

« Skerjank, W. F., J. T. Maki, B. P. Collin, D. A. Petti, Evaluation of design parameters for TRISO-coated fuel particles
to establish manufacturing critical limits using PARFUME, J. Nuclear Materials, vol. 469 (2016) pp. 99-105. 2
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Importance of TRISO Fuel Materials Properties for Irradiated Fuel Performance Analysis

TRi-structural 1SOtropic (TRISO) Coated Particle Fuel

Fuel Kernel (UCO, UO,)
Porous Carbon Buffer

Inner Pyrolytic Carbon (IPyC)
Silicon Carbide 4
Quter Pyrolytic Carbon (OPyC) ‘

TRISO particle Particles

60 mm

12 mm

) ) 25 mm
Particle design

provides excellent
fission product
retention in the fuel Cylindrical fuel
and is at the heart of compacts
the safety basis for
high temperature gas
reactors

Spherical fuel pebbles

Prismatic graphite blocks 3
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Importance of TRISO Fuel Materials Properties for Irradiated Fuel Performance Analysis

PARFUME TRISO Fuel Performance Code

+ Integrated mechanistic model of thermal, mechanical and physiochemical
behavior of TRISO particles

* Calculates TRISO particle failure probability given the particle-to-particle
statistical variation in physical dimensions and material properties under
irradiation and postulated accident conditions

* Calculates fission product transport and diffusion through the coating layers
into the fuel matrix and coolant

* Gaussian distribution for fuel design parameters
»  Weibull statistical distribution for layer strengths and modulus

+ PARFUME calculates inter-layer stresses and strains using:
- Kernel diameter, 4 layer thicknesses
- Pyrocarbon (PyC) layers and SiC densities
- Degree of PyC anisotropy (Bacon Anisotropy Factor, BAF)
- PyC creep coefficients
- Poisson’s ratio in PyC creep
- Bond strength between IPyC and SiC layers
- TRISO particle asphericity, measured by aspect ratio Typical TRISO-coated partelegeomeny model.

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document
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Importance of TRISO Fuel Materials Properties for Irradiated Fuel Performance Analysis

TRISO Fuel Particle Failure Mechanisms

* Irradiation-induced shrinkage of IPyC and OPyC layers put the SiC
layer into compression.

* Shrinkage/swelling response of PyC layers is highly anisotropic,
depends on irradiation temperature, degree of anisotropy (BAF)

* [Irradiation-induced shrinkage of IPyC layer can cause partial
debonding of IPyC from SiC layer and IPyC cracking caused by high
tensile stress,

* Increasing internal gaseous fission product pressure produces
tensile component to the hoop stress in the SiC layer, and increases
tangential stress in SiC beyond SiC fracture strength. Uranium
Oxycarbide (UCQ) fuel limits CO production seen in UO, fuel.

* Kernel migration (amoeba effect) where large temperature gradient
causes equilibrium CO gas imbalance. Uranium Oxycarbide (UCO)
fuel limits CO production seen in UO, fuel

* Mechanical interaction between kernel/buffer with PyC, SiC layers
(rarely observed in irradiations, since gap stays open as buffer stays

bonded to kernel during densification) Buffer/IPYC crac

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document
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Importance of TRISO Fuel Materials Properties for Irradiated Fuel Performance Analysis

Sensitivity, Importance Evaluation Methodology

* Use parametric variations of each material property to calculate stress levels in each particle layer
* Calculate resultant failure probability under various irradiation temperature conditions

* Determine importance of each material property by using sensitivity multiplication factors (SMF)
varied around nominal property value and by comparing calculated failure probabilities

* Use AGR-5/6/7 fuel specification values and average irradiation conditions

Table 1. Irradiation conditions. AGR-5/6/7 qualification experiment average values
Fast fluence Irradiation
.ys o
Condition | EFPD | Burnup (%oFIMA) | ;025 12 | > 0,18 MeV) | Temperature (°C)
1 500 13.5 5 700
2 500 13.5 5 1000
3 500 13.5 5 1300
Skerjank, W., B. Collin, INL/EXT-18-44631, Rev. 0, Aug. 2018 5

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document
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Importance of TRISO Fuel Materials Properties for Irradiated Fuel Performance Analysis

Table 2. Fuel parameters used in PARFUME modeling.

Nominal Value
Category Parameter ..
=+ Standard Deviation
250U enrichment (wt%) 15.5 AGR-5/6/7 fuel specification
o Carbon/uranium (atomic ratio) 04 parameter average values
Fuel characteristics _ ) ) )
Oxygen/uranium (atomic ratio) 15
Uranium contamination fraction 0
Kernel diameter (pum) 425+ 10
Bufter thickness (pum) 100+ 10
Particle geometry | IPyC / OPyC thickness (um) 40 =3
SiC thickness (um) K oo
Particle asphericity (SiC aspect ratio) 1.040
Kernel density (g/cm’) 11.0
Kernel theoretical density (g/cm’) 114
Buffer density (g/cm’) 1.05
Fuel properties Buffer theoretical density (g/cm?) 225
IPyC density (g/cm’) 1.90 £0.02 ISI;\IklirIJEE;?1lS1V8V-4AIr36 ?aollin,
n s 1 3 - ’
OPyC density (g/cm”) 1.90 +0.02 Rev. 0, Aug. 2018.
IPyC/OPyC (post compact anneal) BAF 1.05 = 0.005 7

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document
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Importance of TRISO Fuel Materials Properties for Irradiated Fuel Performance Analysis

Inner SiC Tangential Stress

PARFUME uses these SiC layer material properties: el

-100
* Weibull characteristic strength Oo 150
-200
-250
-300
-350
-400
-450

-500
0.0 1.0 2.0 3.0 4.0 5.0

Fast Fluence (x10%° n/m?, E > 0.18 MeV)

» Weibull modulus M variability in measured strength.

= Elastic moduli, Poisson's ratio
= Thermal conductivity and expansion

Stress (MPa)

Table 3. Failure probability i the nominal conditions.

- Pl‘obi.lblll.ty of SiC failure _ Probability of
Condition Total Contribution from | Contribution from IPYC cracking Weibull theory, coating
IPyC Cracking Pressure javertailure probabiliy:
1 403x10*|  4.03x10* 0% 8.94 x 10" Pr=1 ‘f (02) v
2 252%10° 252%10° 0 548 x 10* wsine tensile . (;
3 221 %107 221 %107 282x 107" 1.16 x 107
¥ Uco fueintemal gas pressiretoo o o cause fuelfaluro Skerjank, W., B. Collin INL/EXT-18-44631, Rev. 0, Aug. 2018. 4
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Importance of TRISO Fuel Materials Properties for Irradiated Fuel Performance Analysis

Table 15. Failure probability: PyC irradiation-induced creep.

Py(':“l"e’dSiIC;a"g:‘:ia' Str;;}c PARFUME Results for PyC
" Sensitivity Prohability of | Probability of rrad-Induced Creep - i
R Multiplication Factor | SiC failure | IPvC cracking ——Nominsl ——SMF=02 =——SMF=5 Irradiation-induced creep
0.2 248 x 107 9.99 x 10 5 50
033 507210 999 % 107 3 12% ‘ PARFUME u_ses these.PyC_
05 101 % 102 999 x 10" § 1 layer material properties:
1 1 (nominal) 403x10° | 894x10° o o+ 2 5« s | = Elastic moduli
2 149 x 107 106 x10° || it = Poisson’s ratio
3 535 = 107 3.50 x 10 Inner SiC Tangential Stress = Thermal conductivity
5 335% 1052 399 x 10° PyC Irrad-Induced Creep - 1000°C and expansion
02 5.57 x lirj 9.99 x 10': ) T Momial eSO s = [rradiation-induced
e (I | o
- Eade =2 = £ 00 = Poisson’s ratio in creep *
2 1 (nominal) 252 % 10° 5.48 = 102 # 1o ) * p
2 176 ® 10—10 157 x 10—4 1200 o 1 2 3 4 5 = Strafn I’ateS
3 296 <105 232 % 10° ‘. Fast Fluence (x10% n/m?, £ > 0.18 MeV) n Weibull sgzength and
5 2.52 x 10‘116 4.22 x10° Inner SiC Tangential Stress modulus
02 7.50 =107 9.99 = 10 PyC Irrad-Induced Creep - 1300°C * These parameters have significant
0.33 7.00 = 107 9.98 x 107 ——Nominal ——SMF=02 ——SMF=5 impact on SiC failure probability
0.5 243 x 107 2.73 x 107 2 01
p - ’ -0 -3 & 150
3 1 (nominal) 221107 | L16-10° |/ £ C/ Skerjank, W., B. Colin,
2 2.88 x 10 3.04 = 10° B INL/EXT-18-44631,
3 298 x 107 834 = 108 o : : . : : Rev. 0, Aug. 2018.
5 130 » 10-6 812 % 10—10 Fast Fluence (x107*n/m?, E > 0,18 MeV) 9

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document

H-10



GA-A29408

Importance of TRISO Fuel Materials Properties for Irradiated Fuel Performance Analysis

Summary of maximum impact of material properties on SiC failure probability

Sensitivity _ Increase in . .

Material Property Multil_llicatiun l‘t';ctor or Teml;l::‘(:l::::l;o 0 SicC fail.u_re E;Ebi:::l:
Material Property Value probability -
700 1.6 6.54 = 10*
PyC elastic moduli x 3 1000 2.7 6.84 = 10
1300 2.0 447 = 107
700 13 5.04 = 107
PyC Poisson’s ratio 0.5 1000 1.6 396 = 10
1300 1.4 3.03 =107
o 700 1.1 248 = 10
PyC imaduation- %02 1000 22 % 10° 557 % 10°
induced creep : : - =
1300 34 x10° 7.50 = 107

;IPyCEEmesson s 1atio m Failure probability 1s maximum at nominal Poisson’s ratio 1n creep

Skerjank, W., B. Collin, INL/EXT-18-44831, Rev. 0, Aug. 2018. o
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Importance of TRISO Fuel Materials Properties for Irradiated Fuel Performance Analysis

Summary of maximum impact of material properties on SiC failure probability (cont.)

Sensitivity . . Increase in . .
Material Property Multi[_llitatiun Ft'ictur or Temh[:::l;t::‘;o 0 SiC fail_u_re ::-fhl:;]l:.:
AMaterial Propertv Value probability .
PyC irradiation- 700 2.4 x10° 9.68 = 107!
induced dimensional x5 1000 1.7 = 10° 421 =101
change 1300 1.1 =107 248 = 107
PyC Weibull 700 1.04 420 = 107
parameters 8/10.0 1000 21 537 =107
(m / oo) 1300 41 902 = 107
700 1.6 6.45 = 10
S1C elastic modulus x5 1000 1.7 421 x 10
1300 1.4 301 = 10"
700 26 1.03 = 107
S1C Poisson’'s ratio 0.5 1000 2.7 6.79 x 10°
1300 26 567 x 107
i 700 124 499 = 107
S1C Weibull 4/0.76 1000 26.5 403 = 10°
parameters =
1300 76.3 1.01 = 10
Skerjank, W., B. Collin, INL/EXT-18-44631, Rev. 0, Aug. 2018. "
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Importance of TRISO Fuel Materials Properties for Irradiated Fuel Performance Analysis

TRISO PyC Materials Properties with Significant Impact
on SiC Layer Failure Probability:

* PyC irradiation-induced creep
* PyC irradiation-induced strain (dimensional change)

TRISO SiC Properties with Major Impact on SiC Layer
Failure Probability:

* SiC Weibull modulus, M

* SiC Weibull characteristic strength, O,

Shrinkage (strain) of the PyC layers puts them into tension and the SiC layer into
compression but the irradiation creep relieves that tensile stress and reduces SiC
layer compression.

An increase of the irradiation-induced PyC strain or a decrease of the irradiation-

induced PyC creep creates additional tensile stress in the SiC layer, increasing the

SiC layer probability of failure.

TRISO Materials Properties with No

Significant Impact:

Kernel swelling rate

Kernel thermal conductivity
Buffer elastic modulus

Buffer Poissan’s ratio

Buffer irradiation-induced creep
Buffer Poisson’s ratio in creep
Buffer irradiation-induced
dimensional change

Buffer thermal conductivity
Buffer thermal expansion

PyC thermal conductivity

PyC thermal expansion

SiC thermal conductivity

SiC thermal expansion.

Skerjank, W., B. Collin,
INL/EXT-18-44631,
Rev. 0, Aug. 2018. ,
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Importance of TRISO Fuel Materials Properties for Irradiated Fuel Performance Analysis

Summary and Conclusions

* PARFUME TRISO particle modeling involves ~ 20+ materials properties.

* Parameter sensitivity studies combined with the use of sensitivity multiplication factors
(SMF) varied around nominal property values can identify which parameters are most
important.

* TRISO material properties exhibit a large variability according to published historical data.

« Determining which properties are most important can help prioritize the generation of
new properties data when historical materials property data is not available or deemed
adequate.

« Determining TRISO materials properties as a function of temperature, neutron irradiation
fluence or damage (dpa) is difficult, involves thin coating layer samples, and requires
spherical geometry samples, vs. flat thin plates.

« Parameter importance ranking studies can also be used to improve modeling details
when code predictions differ from well-planned experimental results.

13
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Energy Multiplier Module (EM?)
Accelerated Fuel Qualification Strategy

By
John Bolin

Nuclear Technologies and Materials
General Atomics

January 16, 2020
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EM? AFQ Strategy White Paper

NRC Pre-Application License Review

Contents include:

« Description of EM?

* Fuel design bases and criteria

« Analysis methods and material properties
« Performance evaluation

« Legacy approach to fuel qualification

- Strategy for accelerated qualification

p o’o GENERAL ATOMICS
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EM?2 Fuel Design Driven by Top Level Goals

Innovative EM? fuel design driven by:

» Lower generation cost

* Fuel cycle flexibility

* Improved safety performance

* Higher net efficiency

« Higher fuel utilization

* Much less high-level waste

* Proliferation-resistant fuel cycle features

UC kernel via sol-gel 200 pm diameter Annular pellet ' Porous UC pellet
high density kernel via hot pressing

3 ‘:‘ GENERAL ATOMICS
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EM?2 is a Modular, Gas-Cooled,

Convert-and-Burn, Fast Reactor

GA-A29408

265/240 MWe per reactor for
water/dry cooling

500 MW, reactor power
4 modules per standard plant

60 year plant life; 30 year core
life

60 year dry fuel storage
14% average fuel burnup

Multi-fuel capable

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document
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Performance Evaluation

Normal Operation

« FRAPCON-4.0GA modified for UC fuel and SiGA SiC
composite cladding

- Baseline calculation uses restrained swelling model

* Restructured annular pellet includes fuel swelling into
open pores

 Restructured solid pellet has increased pellet porosity
(17% increasing to 26.8%)

2,000 + 2.0 4
—— Fuel inner —— Baseline /|
""" (F;i:cll ‘l"”‘e’ Restructured annular pellet
—_— nner | | ____ 1
1,800 . i ‘b Restructured solid pellet
—— Channel outlet =
- o~
¥ o
o 1600 - E
£ a 1.0
5 g
§‘1 Q00 farma pmmmmmm e e g A Y A e e 2
el s S e B e S 3 i |3
| N STt LSS SRR L R SO [T O !
S vunt, 0.5 A /
1,200 —’—/_ﬂ_'___,_,_,.-————'*——‘\'\——- o st e 3
1,000 ' | | , i 0.0 . | | i {
0 50 100 150 200 250 0 50 100 150 200 250

Fuel rod peak burnup (MWd/kg) Fuel rod peak burnup (MWd/kg)
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Performance Evaluation

Accident Conditions

* Uncontrolled control rod withdrawal W e
at middle-of-life conditions o | e T

» Reactor trips at 109% at 31 s

» Peak fuel temperature of 1789K well
below melting point of 2705K

« Cladding circumferential strain 200 |
0.59% close to design limit of 0.62%

1,600 -

Temperature (K)
a
Qo
(=}

1,000

Time (sec)
« Loss of Flow Accident (LOFA) with 1600 —
trip of Power Conversion System 100y o--taloca
* Small Break LOCA of 10 cm? R B 0 S A e S |
« Large Break LOCA of 400 cm? i o4
« All transients assume only one of % .
. . . 800
two passive cooling trains are 3
operational .
400 1 i | 1 i
0 200 400 600 800 1000
Time (sec)

6 o’o GENERAL ATOMICS
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Step-Wise AFQ Methodology
Advanced M&S Reduces Design lterations

SiC Clad and
UC Pellets

Fabrication and Characterization

__

Multi-Scale Modeling Continuum-Scale Modeling
_—
Out-of-Pile Measurements

| |
Irradiation Tests / PIE

Transient Tests
_—
Evaluated Material Properties and Models

Demonstration and/or Prototype

(%]
st
c
u
E
Q
A=
5
o
@
o
@
o
&
m
£
S
qg
t
]
o
o
=
o

Fuel Performance Uncertainty and Performance Margin Assessment
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Mini-Fuel Irradiation of UC Kernels at HFIR

« HFIR irradiation delayed due 2D image 3D
project?en

to shutdown in 2019

» XCT of kernels before and
after to determine fuel
swelling

» Capsules will be assembled
and inserted into HFIR in first
quarter of 2020

TR b & 4 gt gQAK RIDGE

- National Laboratory

0:0 CENERAL ATOMICS
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Multi-Scale Modeling Progress

 Ab-initio electronic oz ,o:«.,; —
structure modeling of S
Xe behavior, diffusion &8
and clustering in UC e Sl

« Density functional - .. ‘
theory calculations of * B g
vacancy and Xe e :m_m e
clustering ¢

* Preparing

T T T T

parameterization of s.i »
Xolotl calculations of 1
bubble populations el
}‘- -
?ﬁ&:&gié%‘ﬁ ] 2 4 [ 8 n:o 22 14 18 18 j 4 : oz

DEPARTMENT OF
NUCLEAR ENGINEERING

9 4‘ GENERAL ATOMICS
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Pre- and Post-Irradiation Analysis and Testing

Planned and Proposed

« XCT to quantify kernel swelling

* Fission gas release from capsules

* Preliminary fuel performance analysis using BISON

- Post-irradiation heating tests proposed to measure
fission gas release at elevated temperature

2500 10 2500 10
——UO2 : Target 1 : Fuel Temperature ——UO2 : Target 2 : Fuel Temperature
- — = UC:Target 1: Fuel Temperature 9 = — — =UC:Target 2 : Fuel Temperature 9 <
2000 ||——UO2:Target 1: Fission Gas R/B g 2 2000 ||———UO2:Target 2 :Fission Gas R/B g 2
= = =UC: Target 1: Fission Gas R/B & = = =UC: Target 2 : Fission Gas R/B &£
g ) < 7 8
Z = =, =
g = g =
£ 1500 16 5 £ 1500 6 =
5 @ © &
g 59 3 5 8
; : :
= 1000 4 3z ~ 1000 4 3
[ T o ]
2 3 G & 5 5
© ©
© (U]
500 2§ 500 2 5
a3 a
1 i ] 1 i
/’ PIE over 5 steps for 4 days each
0 0 0 0
o] 5 10 15 20 0 5 10 15 20
PIE Time (days) PIE Time (days)
10 ’3’ GENERAL ATOMICS
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Accelerated Irradiation

at INL Advanced Test Reactor

» Accelerated irradiation of UC pellets
using INL Fission Accelerated
Steady-state Testing (FAST) capsule
design and approach

» Reduction in pellet diameter and
increase in enrichment result in
higher fission density and
accelerated burnup with similar
peak fuel temperatures

 Initial capsule design, scaling
relationships, and fabrication for
EM?2 UC pellets is supported by GA
under a recent three-year INL
Laboratory-Directed Research and
Development project

11 o’o GENERAL ATOMICS
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Reduced Size UC Pellet Irradiation

Key objectives

» Fission gas release

* Fuel swelling

« Creep

* PIE and post-irradiation testing
» Validate science-based models

Proposed irradiation facilities
* Mini-pellet discs in HFIR

» Reduced-size pellets in ATR
using FAST approach

’:’ GENERAL ATOMICS
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Pellet-Clad Interaction

Integral Fuel Testing

« Swelling, creep and fission
gas release
interrelationships

+ Validate advanced
modeling and simulation

* Initial testing in ATR using
on-line FGR monitoring
used in AGR Fuel testing of
TRISO compacts

* Prototypical testing in gas
cartridge loop in Versatile
Test Reactor

13 ozo GENERAL ATOMICS
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Demonstration / Prototype Reactor

Fuel Surveillance and Operating License Conditions

Safety case established from
science-based modeling
validated by testing

Fuel qualification for full burnup
conditional on periodic fuel
surveillance and testing to
reduce performance
uncertainties and risk

Fuel qualification risk reduction
similar to reactor vessel material
surveillance and life extension
measures in current fleet

I

250 MWe
commercial reactor

54 MWe
demonstration reactor

0” GENERAL ATOMICS
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Key Objectives of

EM?2 AFQ Strategy

« Science-based approach to predictive
performance of nuclear fuel can fulfill some
integral test requirements

« Accelerated fuel irradiations as part of science-
based approach can be substituted for integral
fuel irradiations

« Fuel surveillance and conditional operating
license is appropriate for EM? long life core as
substitute for full burnup fuel testing under
prototypical conditions

15 ’:’ GENERAL ATOMICS
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Thank You
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trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state ar reflect
those of the United States Government or any agency thereof.
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APPENDIX J - Advanced Fuel Qualification Methodology Report

TerraPower ™

) Advanced Fuel Qualification

el Methodology Report
)) )13 |
d e : Pete Gaillard
- & ® January 16, 2020
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Overview

TerraPower was notified in September 2019 of an award to develop the
Advanced Fuel Qualification Methodology Report for metallic fuel in a
sodium fast reactor environment

The Report will provide a methodology addressing the qualification of
advanced reactor fuel

The Report will describe a process to evaluate regulatory deficiencies
or gaps faced by advanced reactor designs for fuel qualification

Copyright® 2020 TerraPower, LLC. All Rights Reserved. ,/'\\
TerraPower™

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this document
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Goals

Implementing the methodology will result in:

* Development of a process to identify and develop regulatory
requirements and design criteria for advanced reactor fuel

* I|dentification and development of specific regulatory requirements
applicable for metallic fuel — but the process may be used for other
advanced reactor developers)

* A method for development of Regulatory Acceptance Criteria (RAC) to
ensure compliance with regulatory requirements and design criteria

5 Copyright® 2020 TerraPower, LLC. All Rights Reserved. ,/'\\
TerraPower™
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Initial Steps

|ldentify and describe the aspects of the fuel system design to be
addressed

|ldentify applicable regulatory requirements

— The regulatory requirements are expected to be similar to
requirements described in NUREG-0800, Section 4.2, Fuel System
Design

Modify or remove requirements that are not applicable

Copyright® 2020 TerraPower, LLC. All Rights Reserved. ,/'\\
TerraPower™
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Regulatory Acceptance Criteria (RAC)

The RAC will be analogous to SRP AC but are expected to differ due to
inherent differences between SFR and LWR technology
— SRP - Stress, strain, or loading limits for spacer grids, guide tubes,
thimbles, fuel rods, control rods, channel boxes and other fuel
system structural members should be provided

— RAC - Stress, strain, or loading limits for all fuel system components
shall be established

The RAC will be used to establish functional and performance design
requirements

Copyright® 2020 TerraPower, LLC. All Rights Reserved. ,/'\\
TerraPower™
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Additional Information

Additional information included in the report may specify design,
analysis, programmatic, testing, documentation, or other types of
requirements necessary to ensure the plant design complies with
applicable regulatory requirements and expectations

The Report will describe approaches (acceptance criteria and
compliance methods) that may be used to demonstrate compliance
with the regulatory requirements addressed in a specific SAR section.

Copyright® 2020 TerraPower, LLC. All Rights Reserved. ,/'\\
TerraPower™
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Other Information

Additional information to demonstrate compliance may include:

o Specification of design requirements (directly or by reference to
codes and standards)

o ldentification of required design and safety analyses

o ldentification of design, construction, or operation procedural
control programs

- Copyright® 2020 TerraPower, LLC. All Rights Reserved. ,/'\\
TerraPower™
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Expected Results

Expected results after the process is developed and implemented are
descriptions of requirements for fuel system design necessary to ensure:

o The fuel system is not damaged during any condition of normal operation,
including the effects of anticipated operational occurrences (AOOs)

o The number of fuel pin failures predicted for postulated accidents is not
underestimated

o Fuel coolability will be maintained during postulated accidents

o Fuel system damage during postulated accidents will not prevent reactivity
control/standby rod insertion when required

Copyright® 2020 TerraPower, LLC. All Rights Reserved. ,/'\\
TerraPower™
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Summary

The Advanced Fuel Qualification Methodology Report will describe a
method which when implemented will result in:

* I|dentification of specific regulatory requirements applicable for metallic
fuel that will need to be addressed in the Safety Analysis Report (SAR)

* Descriptions of requirements for fuel system design including
acceptance criteria and compliance approaches

The NRC will review and evaluate the report

5 Copyright® 2020 TerraPower, LLC. All Rights Reserved. ,/'\\
TerraPower™
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APPENDIX K - Fuel Qualification, NRC Perspectives
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RUSNRC

United States Nuclear Regulatory Commission

Protecting People and the Environment

Fuel Qualification
NRC Perspectives

Accelerated Fuel Qualification Workshop
January 16, 2020
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Topics

CH TR WO A LG F BRI LT S

-3 USNRC

Panteaitag Pasply ond tls Keodenkss e

* NRC fuel qualification obligations under NEIMA
*  Advanced reactor fuel qualification strategy options
* Open discussion for path forward

May 31, 2019 2
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NRC Fuel Qualification Obligations
r"i{.—;’U‘S.NRC Under NEIMA

LN TR DRI UL E BRI L TR GO
Paifavding Manole SHd Al Aiasls e

The Nuclear Energy Innovation and Modernization Act (NEIMA) directs the NRC to modernize its
approach to nuclear energy regulation.

https://www.congress.gov/bill/115th-congress/senate-bill/512 /text

SEC. 103. of NEIMA covers “Advanced nuclear reactor program” and addresses fuel qualification
in three subparts:

(b) Report To Establish Stages in the Commercial Advanced Nuclear Reactor Licensing Process.—
(4) Required evaluations. --Consistent with the role of the Commission in protecting public
health and safety and common defense and security, the report shall evaluate—

(A)(ii) strategies for the qualification of advanced nuclear reactor fuel, including the use of
computer modeling and simulation and experimental validation...

May 31, 2019
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(c) Report to Increase the Use of Risk-Informed and Performance-Based Evaluation Techniques
and Regulatory Guidance —
(4) Required evaluations. —Consistent with the role of the Commission in protecting public
health and safety and common defense and security, the report shall evaluate—
(A) the ability of the Commission to develop and implement, where appropriate, risk-
informed and performance-based licensing evaluation techniques and guidance for
commercial advanced nuclear reactors within existing regulatory frameworks not later than
2 years after the date of enactment of this Act, including policies and guidance for the

resolution of —
(i)(V) issues relating to the qualification of advanced nuclear reactor fuel; and...

(e) Report To Complete a Rulemaking To Establish a Technology-Inclusive Regulatory Framework
for Optional Use by Commercial Advanced Nuclear Reactor Technologies in New Reactor License
Applications and To Enhance Commission Expertise Relating to Advanced Nuclear Reactor
Technologies.—-
(1) Report required. —Not later than 30 months after the date of enactment of this Act, the
Commission shall submit to the appropriate congressional committees a report... for—
(B) ensuring that the Commission has adequate expertise, modeling, and simulation
capabilities, or access to those capabilities, to support the evaluation of commercial
advanced reactor license applications, including the qualification of advanced nuclear

reactor fuel.
May 31, 2019
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Strategies to Meet Fuel Qualification
r‘i’{j’U.S.NRC Obligations Under NEIMA
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Internally, the staff has developed a strategy regarding the qualification of advanced nuclear
reactor fuel as required by NEIMA Sec. 103(c)(4)(A)(i){V):

(1) Staff will issue technology-neutral guidance as white paper, which will turn into RG.
(2) Staff to complete review of TRISO fuel performance topical report.
(3) Staff to complete review of topical report for metal fuels legacy data QA program.

(4) Contract with ORNL to produce a draft letter report describing regulatory policy guidance
on the acceptability of an MSR fuel property measurement approach to fuel salt qualification
and the technical basis for MSR fuel qualification and regulatory guidance documentation,
which may be used to produce a formal NRC guidance document.

(5) Several vendors/designers have indicated plans to submit a topical report requesting NRC
review and approval of its proposed fuel qualification methodology.

May 31, 2019 5
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The staff has committed to identifying (and beginning to implement) a technology-neutral
guidance document by January 2021. This could take various forms:

1. White paper or NUREG, which leads to a future Regulatory Guide
2. Approval of a generic industry topical report

3. NRC participation in an industry-led report which leads to a future Regulatory Guide
endorsing (in part or whole) the industry-led report

Thoughts/comments?

May 31, 2019
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Content Ideas for Advanced Reactor
"USNRG Fuel Qualification Guidance
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Provide definition of fuel qualification
* Explain the design role within fuel qualification vs. licensing role

Description of various license options (e.g. Part 52, prototype, etc) and impacts on

licensing basis requirements
Introduce the concept of graduated fuel qualification for license applications

* Licensing oversight would be tied to the safety significance of the fuel for a
given reactor design

Fuel code verification and validation discussion
Other topics?

May 31, 2019 7
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Lower Length Scale Modeling Examples

Antoine Claisse, Denise Adorno Lopes, Kallie Metzger
January 16, 2020

@) Westinghouse
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Advanced Modeling Applications

* Assist in understanding experimental results
— Interpolation and extrapolation of experimental data points
— Help to derive FRD models (to be validated on experiments)

* Materials screening and development
— Prediction of material behavior
— Rare or not yet commercially available materials accessible
— Combining with experiments to get deeper understanding

* Design of experiments
— Ensure selected conditions will highlight phenomena of
interest
— Evaluate behaviors in extreme conditions (i.e. high burn up)

Accelerate deployment of safe designs

@ Westinghouse
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Example of application: understanding experimental

results

* Xe diffusion in UN

* Large experimental
discrepencies

Modeling shows that a
probable cause is the
amount of vacancies in the
material, varying too much
and making comparison
hard

Claisse, A., Schuler, T, Lopes, D. A., & Olsson, P. (2016).

Solute diffusivity [mg."'s]

Transport properties in dilute UN (X) solid solutions (X= Xe, Kr).

Physical Review B, 94(17), 174302.
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Atomistic modeling offers an explanation

@ Westinghouse
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Example of application: extrapolation/cliff behaviors

* Xe diffusion in UN ./ 2 /

By understanding the g “TATf
diffusion mechanisms, we i * T,
can
— Know the diffusion path ./’ ,/. e ,//.
— Estimate if it will change " -
with temperature = @
— Predict if there will be a 6
sudden behavior change = ./"'

Claisse, A., Schuler, T., Lopes, D. A., & Olsson, P. (2016).
Transport properties in dilute UN (X) solid solutions (X= Xea, Kr).
Physical Review B, 94(17), 174302.

Atomistic modeling can allow to predict

changes of physical behavior, or
possibility of extrapolation

@ Westinghouse
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Example of application: support to find equilibrium phases

* Work mostly carried out by our partners at USC

* Combining SERPENT results (Fp concentration at a given
BU), CALPHAD modeling and small-scale modeling
allowed to predict the phase of FPs in U;Si,
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